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                                                    ABSTRACT 
 
Graphene nanosheets (GNS) were separated from graphite by an improved, safer 
and mild method including the steps of oxidation, thermal expansion, ultrasonic 
treatment and chemical reduction. With this method, the layers in the graphite material 
were exfoliated, and high-quality GNS were produced with higher yields. Scanning 
Electron Microscopy (SEM) images exhibited that GNS can exist by being rippled 
rather than completely flat in a free standing state. The mild procedure applied was 
capable of reducing the average number of graphene sheets from an average value of 86 
in the raw graphite to 9 in GNS. Raman spectroscopy analysis confirmed the significant 
reduction in size of the in-plane sp2 domains of GNS obtained after the reduction of 
graphite oxide (GO). BET measurements by nitrogen adsorption technique showed that 
the surface area of GNS was 507 m2/g. The electrical conductivity of GNS was 
measured as 3.96 S/cm by the four-probe method. 
 
As the oxidation time was increased from 50 min to 10 days, stacking height of 
graphene sheets decreased and thus the number of graphene layers decreased. The 
variations in interplanar spacings, layer number, and percent crystallinity as a function 
of oxidation time indicated how stepwise chemical procedure influenced the 
vi 
morphology of graphite. The percent crystallinity of GO sheets decreased down to 2% 
due to the change of stacking order between graphene layers and the random destruction 
of graphitic structure after oxidation process. 
 
For the production of advanced type of catalyst support materials, the 
distinguished properties of GNS were combined with the structural properties of 
conducting polypyrrole (PPy) by the proposed simple and low-cost fabrication 
technique. A precise tuning of electrical conductivity and thermal stability was also 
achieved by controlling the polymer thickness of randomly dispersed GO sheets and 
GNS by a layer-by-layer polymer coating. However, non-uniform polymer dispersion 
on the surface of expanded GO occurred due to the removal of oxygen functional 
groups on the surface during thermal expansion of GO sheets. 
 
The shortest and most effective impregnation technique of Pt catalysts on the 
surface of GO, expanded GO and GNS based composites was achieved by a sonication 
process of 2 hrs. The C/O ratios of GO, expanded GO and GNS were measured as 2.3, 
6.0, and 3.2, respectively. The characterization results showed that the presence of 
oxygen surface groups and the amount of PPy in nanocomposites favored the Pt 
dispersion and hindered the aggregation of Pt particles on the support surface. As GO 
content increased three times larger than the amount of PPy in nanocomposite, size 
distribution of catalyst particles was decreased into the range of 9 nm to 16 nm. 
 
 Finally, novel fuel cell electrodes made of GO, GNS and their nanocomposites 
were fabricated in the form of thin-films by applying drop-casting method. Then, the 
performance of the prepared membrane electrode assemblies was tested in a single fuel 
cell. Comparably better fuel cell performance was obtained when GO sheet was used as 
the cathode electrode due to the large amount of oxygen surface groups on the surface 
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        ÖZET 
 
Grafen nanotabakalar, kimyasal oksitleme, termal genleşme, ultrasonik işlem ve 
kimyasal indirgeme aşamalarını içeren geliştirilmiş, güvenli ve kolay bir teknikle 
grafitten ayırılmıştır. Bu teknik sayesinde, grafitin yapısındaki grafen tababakalarının 
sayıları azaltılmış, iyi kalitede ve yüksek miktarlarda grafen nanotabakalar elde 
edilmiştir. Taramalı elektron mikroskop (SEM) görüntüleri grafen nanotabakalarının 
daha çok buruşuk bir yapıda bulunduklarının göstermiştir. Bu yöntem sayesinde 
yapısında yaklaşık 86 adet grafen takabası bulunan grafit, grafen sayısı ortalama olarak 
yaklaşık 9 olan grafen nanotabakalara indirgenmiştir. Raman spektroskopisi 
spektrumları grafit oksitin indirgenmesinden elde edilen grafen nanotabakalarının 
düzlemsel sp2 bölgelerinin (domain) büyüklüklerinde önemli ölçüde azalma olduğunu 
göstermiştir. Azot adsorpsiyon tekniği ile yapılan BET çalışmaları ile grafen 
nanotabakalarının yüzey alanı 507 m2/g olarak bulunmuştur. Grafen nanotabakalarının 
4-nokta-iletkenlik cihazı ile ölçülen elektrik iletkenliği 3.96 S/cm olarak bulunmuştur. 
 
Oksitleme süresi 50 dakikadan 10 güne kadar çıkartıldığında grafen tabakalarının 
istiflenme yükseliği azalmıştır ve böylece grafen tabakalarının sayısı da azalmıştır. 
Oksidasyon süresine göre düzlemlerarası mesafe, tabaka sayısı ve kristalleşme 
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oranındaki değişiklikler kimyasal sürecin grafitin yapısını nasıl etkilediğini göstermiştir. 
Oksitleme işleminden sonra grafitik yapının dağınık bir şekilde bozulması ve grafen 
tabakaları arasındaki istiflenme düzeninin değişmesinden dolayı grafit oksit 
tabakalarının kristalleşme oranı %2’ye kadar düşmüştür.      
 
 Geliştirilmiş katalizör destek malzemesi üretimi için önerilen kolay ve düşük 
maliyetteki üretim yöntemi ile grafen nanotabakaların olağanüstü özellikleri iletken 
polimer polipirolün yapısal özellikleri ile birleştirilmiştir. Kompozitlerin elektrik 
iletkenliği ve termal dayanıklılığı, tabaka tabaka polimerle kaplanmış dağınık halde 
bulunan grafit oksitin ve grafen nanotabakalarının kalınlıklarına göre başarılı bir şekilde 
kontrol edilebilmiştir. Ancak, grafit oksite uygulanan termal işlemle yüzeydeki oksijenli 
fonksiyonel grupların ortadan kaldırılmasından dolayı genleşmiş grafit oksitin 
yüzeyinde homojen bir şekilde polimer dağılımı gözlenmemiştir. 
 
Grafit oksit ve grafen tabakalarının yüzeylerine Pt yükleme işlemi  ultrasonik 
banyo içerisinde 2 saatte gerçekleştirilmiştir. Grafit oksit, genleşmiş grafit oksit ve 
grafen nanotabakalarının C/O oranları sırasıyla 2.3, 6.0 ve 3.2 olarak hesaplanmıştır. 
Karakterizasyon sonuçları yüzeydeki oksijenli fonksiyonel grupların ve nanokompozitin 
yapısındaki polipirol miktarının yüzeyde platin dağılımını arttırıp platinlerin 
öbekleşmesini engellediğini göstermiştir. Nanokompositteki grafit oksit miktarı 
polipirol miktarının 3 katına çıkartıldığında ise katalizör partiküllerinin büyüklük 
dağılımı 9 nm ile 16 nm arasına düşmüştür. 
 
         Son olarak, damlatarak kaplama yöntemi ile ince film halinde grafit oksit, grafen 
nanotabakalar ve bunların nanokompozitlerinden yapılmış yeni yakıt pili elektrotları 
üretilmiştir. Sonra, hazırlanan membran elektrot bileşkelerinin dayanıklıkları yakıt pili 
içerisinde test edilmiştir. Grafit oksit katot elektrodu olarak kullanıldığında yakıt pilinin 
performansının kıyasla daha iyi olduğu görülmüştür. Bu da grafit oksitin yüzeyinde 
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           CHAPTER 1. ITRODUCTIO 
 
Graphene has attracted great interest due to its unique electronic, thermal, and 
mechanical properties, resulting from its two-dimensional (2D) structure, and to its 
potential applications like microchips, chemical sensing instruments, biosensors, energy 
storage devices and other innovations. The first graphene sheets were obtained by 
extracting monolayer from the three-dimensional graphite using a technique called 
micromechanical cleavage in 2004 [1].  
 
With the appropriate surface treatments, single graphene sheets can be separated 
from the graphite material and the layer-to-layer distance can be extended [2, 3]. There 
are numerous old methods for the graphite modifications to reduce the number of 
graphene layers in graphitic structure [4-6]. One of the applicable methods is the 
graphite oxidation in order to reduce the strong bonding between sheets in graphite and 
to receive monolayer graphene sheet.  The structure of graphite oxide (GO) resembles 
graphite but only difference is that the sp3 hybridization in carbon atoms and thus the 
individual layers are considerably bent [7]. Furthermore, GO is thermally unstable 
material which can be pyrolyzed at high temperatures due to the existence of the oxygen 
functional groups [8]. After heat treatment, the crystal lattice planes of graphite flakes 
are extended and this leads to the formation of expanded graphite called “worm-like” or 
accordion structure [3, 9].  
 
Fuel cells are clean, compact and modular energy generation devices that generate 
electricity by a chemical reaction between a fuel and an oxidant. Polymer electrolyte 
membrane fuel cell (PEMFC) offers several advantages for both mobile and stationary 
applications yet it is necessary to develop low cost and more efficient PEMFCs. The 
heart of the PEMFC is the membrane electrode assembly (MEA) composed of a proton 
exchange membrane sandwiched between two porous gas diffusion electrodes. These 
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electrodes are made up of a catalyst support material, gas diffusion layer and a catalyst 
layer.  
 
Catalyst has a crucial effect on both the cost, performance and durability of 
PEMFCs. At this point, graphene can be a promising candidate as catalyst support 
material for PEMFCs due to its outstanding mechanical, structural, and electronic 
properties. Herein, the support material becomes significant to get high catalytic 
performance of catalysts by lower catalyst loadings [10].  
 
The incorporation of graphene and its derivatives into polymer matrix can enlarge 
the surface area by π-π stacking with polymer hosts [11] and provide high conductivity 
[12]. Therefore, the combination of characteristic properties makes graphene sheets a 
promising candidate for the fabrication of advanced type of electrode materials to be 
utilized in fuel cell applications. Novel geometric structure of graphene can control the 
transport directions of gases, water, protons and electrons in PEMFCs [13]. 
 
In the present work, we presented an improved, safer and mild method for the 
exfoliation of graphene sheets from graphite to be used in fuel cells. The major aim in 
the proposed method is to reduce the number of layers in the graphite material and to 
produce large quantities of graphene bundles to be used as catalyst support in PEMFCs. 
Moreover, for the fabrication of novel fuel cell electrodes, polypyrrole (PPy) was first 
coated on partially oxidized GO sheets and graphene nanosheets (GNS) by in situ 
polymerization of pyrrole (Py) with different feed ratios of Py and sheets. Among the 
various conducting materials, PPy has taken special attention due to its relatively easy 
processability, electrical conductivity, and environmental stability [14]. By applying 
different deposition techniques, we proposed a shorter and more effective deposition 
technique for maximum catalyst dispersion. Then, the electrodes in the form of thin-
films composites electrodes were prepared successfully by drop-casting method. Finally, 
the performances of electrodes were tested in a single fuel cell.  
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                           CHAPTER 2. STATE-OF-THE-ART 
 
        2.1. Graphene 
 
Graphite is a layered material and is formed by a number of two-dimensional (2D) 
graphene crystals weakly coupled together. Graphene, the world’s thinnest sheet – only 
a single atom thick – has a great potential to provide a new way in energy, computing 
and medical research [15].  
 
In the first part of Chapter 2, physical and chemical properties of graphene and its 
synthesis techniques were investigated in details.  
 
 
2.1.1. Physical and Chemical Properties of Graphene 
 
Graphene is the flat monolayer of carbon atoms in sp2 hybridization. Ideal 
graphene contains only six membered rings. Structural defects in graphene cause the 
formation of five and seven membered rings and thus the flat surface becomes rippled. 
The novel structure of graphene is the center stage for all the calculations on graphite, 
carbon nanotubes (CNTs) and fullerenes. The first graphene sheets were obtained by 
extracting monolayer sheets from the three-dimensional graphite using a technique 
called micromechanical cleavage in 2004 [1]. The important property of graphene is its 
stability at ambient conditions: it can exist by being rippled rather than completely flat 
in a free-standing state [16].  
 
A single finite size graphite sheet, graphene, can have two typical conformations: 
a chair-like conformer with hydrogen atoms alternating on both sides of the plane 
(called a zigzag) and a boat-flake conformer with hydrogen atoms alternating in pairs 
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(called an armchair) [17] (Figure 2.1). Graphene nanoribbons (GNRs), with a zigzag or 
armchair configuration, show different electrical properties; the zigzag GNRs are 







Figure 2.1. (a) Zigzag and (b) armchair edges in graphene. 
 
Graphene has high mechanical, thermal and chemical stability due to the strong 
covalent bonds between carbon atoms. It is one of the strongest materials per unit 
weight with a theoretical Young’s modulus of 1060 GPa [18] and also conducts 
electricity through the p-electron cloud resulting in numerous applications with great 
potential for quantum electronics [19, 20]. Graphene sheet has extraordinarily high 
electron mobility at room temperature with the experimentally reported value of > 
15,000 cm2V−1s−1 [1]. The major physical properties of monolayer graphene sheet are 





  Table 2.1.  
Physical properties of monolayer graphene sheet at room temperature 
           
C–C bond length in monolayer graphene, nm 0.142 [21] 
Specific surface area, m2/g ≈2630 [15] 
Electron mobility, cm2/(V s) ≈1.5 × 104 [1] 
Young’s modulus, TPa ≈1 [18] 
Thermal conductivity, W/(m K) ≈5.1 × 103 [22] 
 
 
Bi-layer graphene and few-layer graphene have 2 layers and 3 to 10 layers, 
respectively. In bi- and few-layer graphene, C atoms can be stacked in three modes: 
hexagonal or AA stacking, Bernal or AB stacking and rhombohedral or ABC stacking 
(Figure 2.2). Bi-layer graphene can act as a gapless semiconductor. On the other hand, 
few-layer graphene sheets become more metallic as the number of graphene layers 
increases [23]. Few-layer graphene sheets can be functionalized by several solvents and 
thus can be soluble in organic solvents (carbon tetrachloride-CCl4, dichloromethane-
DCM) by amide functionalization [24] and become water soluble by oxidation with 
acids (H2SO4 and HNO3) [25].  
 





2.1.2. Graphene Synthesis Techniques 
 
In the last decades, several methods were published for the production of 
graphene sheets. These methods can be categorized into four main groups: 
micromechanical cleavage, chemical exfoliation, epitaxial growth on SiC and other 
subtrates, and chemical vapor deposition technique.  
 
 
2.1.2.1. Exfoliation and Micromechanical Cleavage  
 
Graphite consists of graphene layers in a hexagonal arrangement bonded together 
by weak van der Waals forces, with a covalent bond length of each carbon bonded to 
three neighbouring atoms as 1.42 Ǻ and the distance between planes as 3.35 Å. 
Exfoliation (a simple and repeated peeling method) and cleavage processes require 
mechanical or chemical energy to break these week forces between layers and separate 
out individual graphene sheets. Novoselov et al. [1] obtained graphene layers using the 
scotch tape method. In this method, a commercially available highly oriented pyrolytic 
graphite (HOPG) sheet of 1 mm thickness was exposed to dry etching in oxygen plasma 
to make many 5 µm deep mesas (of area 0.4 to 4 mm2). This was put on a photoresist 
and baked to stick the mesas to the photoresist. After the discovery of graphene, many 
researchers have developed new techniques for the production of graphene. For 
instance, Bouchiat et al. [26] modified Novoselov’s scotch tape technique and produced 
large (∼10 µm) and flat graphene flakes by manipulating the substrate bonding of 
HOPG on Si substrate and controlled exfoliation. Then, Balan et al. [27] exfoliated mm-
sized single and few-layer graphene by bonding bulk graphite on borosilicate glass.  
These types of exfoliation techniques have significant potential on large-scale 
production to be used in graphene-based electronic devices. On the other hand, these 
micromechanical exfoliation techniques suffer from low throughput, and poor quality 









2.1.2.2. Chemical Exfoliation of Graphite Oxide, Graphite Intercalation 
Compounds, and Expanded Graphite 
 
 
Chemical modifications of graphene sheets influence the electronic properties and 
alter the magnetic properties of graphene. In order to obtain graphene sheets by 
chemical methods, graphite is generally used as a starting material. There are three main 
types of modified graphite which are mostly preferred in chemical exfoliation: graphite 
oxide (GO), graphite intercalation compounds (GICs) and expanded graphite (EG).   
 
a. Graphite Oxide 
 
There are numerous attempts in the literature to produce monolayer graphene 
sheets by the treatment of graphite. The first work was conducted by Brodie in 1859 and 
GO was prepared by repeated treatment of Ceylon graphite with an oxidation mixture 
consisting of potassium chlorate and fuming nitric acid [4]. Then, in 1898, 
Staudenmaier produced GO by the oxidation of graphite in concentrated sulfuric acid 
and nitric acid with potassium chlorate [5]. However, this method was time consuming 
and hazardous. Hummers and Offeman found a rapid and safer method for the 
preparation of GO and in this method graphite was oxidized in water free mixture of 
sulfuric acid, sodium nitrate and potassium permanganate [6]. Hummers and Offeman 
summarized the functional groups in the structure of GO and estimated the amount of 










Table 2.2.  
Functional groups in GO [6] 
Functional group Method of estimation umber in mmol/100 g 
Carboxyl groups Reaction with PCl5, 
Neutralization of NaHCO3, 
Esterification with CH3OH 
80-130 
Hydroxyl groups, total Neutralization of C2H5ONa, 
Hydrogen content after careful 
drying 
1000 
Enol groups Neutralization of NaOH, 
Reaction with CH2N2 
450 
Ether groups Difference in oxygen content 1100 
Double bonds Difference between functional 
groups and carbon atoms 
700 
 
The structure of GO resembles graphite: the only difference is that the sp3 
hybridization in carbon atoms indicates that the individual layers are considerably bent 


















                                       Figure 2.3. Structure of GO. 
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Homogeneous colloidal suspensions of graphene oxide in aqueous solvents can be 
attained by simple sonication of GO [28] because GO can be directly exfoliated in water 
due to its hydrophilic property [29] Furthermore, water molecules are strongly bound to 
the basal plane of GO through hydrogen bonding interactions with the oxygen in the 













Figure 2.4. Proposed hydrogen bonding network formed between oxygen functionality 
on GO and water. 
 
GO can also be directly dissolved in some polar solvents such as ethylene glycol, 
dimethyl formamide (DMF), 1-methyl-2-pyrrolidinone (NMP) and tetrahydrofuran 
(THF) [28]. When GO is treated by isocyanate groups, produced isocyanate-modified 
graphene oxide sheets are well dispersed in polar aprotic solvents [31]. The treatment of 
isocyanate with hydoroxyl and carboxyl groups on the surface and edge of graphene 
sheets leads to the formation of carbamate and amide functional groups [31].  
 
Wu et al. [32] used five different graphites (highly-oriented pyrolytic graphite, 
natural flake graphite, kish graphite, flake graphite powder and artificial graphite) to 
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tune the number of graphene layers after oxidation and exfoliation processes. They 
stated that the smaller the lateral size and the lower the crystallinity of the starting 
graphite, the fewer the number of graphene layers obtained. 
 
McAllister et al. [2] synthesized the functionalized graphene sheets by thermal 
expansion of graphite and investigated the exfoliation mechanism in details. According 
to their work, exfoliation occurs just after the decomposition rate of the epoxy and 
hydroxyl groups in GO reaches the diffusion rate of the evolved gases and this causes 
sufficient pressure to break forces keeping the graphene layers together. These 
functionalized graphene sheets are also easily dispersed in solvents by ultrasonication. 
 
Ultrasonic treatment is a widely used method for the homogeneous dispersion of 
GO sheets in aqueous solutions and organic solvents [2, 31]. In order to separate 
graphene sheets, GO must be reduced and thus oxygen containing groups can be 
removed and the system of C=C bonds can be restored. The reduction process is 
performed by using strong reductants which remove oxygen containing functional 
groups. These are hydrazine, dimethylhydrazine, hydroquinone, and NaBH4 [33].  After 
reduction and heating processes, graphene sheets are separated. Figure 2.5 
schematically illustrates graphene separation by chemical exfoliation including 
oxidation, sonication and reduction steps.    
                                   
                      
Figure 2.5. Schematic representation of graphene production by oxidation, sonication 





b. Graphite Intercalation Compounds 
 
Graphite includes graphene sheets stacked along the c-axis in a staggered array 
denoted as ABAB....Certain atoms and molecules lead to swelling and an increase in 
weight. These atoms and molecules are alkali metals, alkaline earth metals, rare earth 
elements, halogens, metal halides, metal oxides and acids called intercalates which 
diffuse through layers and extend the inter-planar spacing. The products consisted of 
intercalates and host molecules are called graphite intercalated compounds (GICs). The 
intercalation process conducts by a charge-transfer between the intercalates and 
graphene sheets. GICs are categorized regarding the direction of electron transfer: donor 
GIC and acceptor GIC [34]. In donor GICs, the intercalate donates electrons to the 
graphene layer during the intercalation process. In acceptor GICs, compounds form 
because of the electron transfer in the opposite direction. Therefore, alkali metals 
provide the formation of donor-type GICs whereas inorganic acids or metal chlorides 
leads to the intercalates of acceptor-type GICs [34].  
 
The Daumas−Herold domain model explains the staging phenomena stemming 
from phases with ordered arrangements of occupied and unoccupied galleries [35]. 
Figure 2.6 exhibits the schematic representation of stage 1, 2 and 3 GICs in the 
Daumas-Herold domain model. In this figure, each intercalate layer is separated by a 
certain number of graphene sheets and the stage number n changes by the number of 
graphene sheets between which adjacent intercalate layers are sandwiched.  
 
Figure 2.6. Stage 1, 2 and 3 GICs in the Daumas-Herold Model: (―) graphene sheets 
and (O) intercalates.  
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Intercalation techniques can be divided into three main groups: intercalation from 
vapour phase, intercalation from a liquid phase and electrochemical intercalation. For 
the separation of graphene nanosheets (GNS), generally intercalation in the liquid phase 
is preferred. For instance, Li et al. [36] synthesized GICs with CuCl2-FeCl3-H2SO4 via a 
hydrothermal treatment at 150oC and exfoliation method. After the intercalation 
process, they extended the inter-planar spacing along the c-axis direction from 0.34 nm 
to about 0.47 nm. 
 
When graphene layers are oxidized, anions intercalate between the layers and 
expand the stacking height. During oxidation, stage 1 is the most highly oxidized phase 
where intercalate forms interlayer galleries between graphene sheets, stage 2 has 
alternate galleries, stage 3 has every third gallery occupied, etc. Lerner and Yan [37] 
prepared a new type oxidized GICs by using three perfluorinated alkylsulfonate anions, 
C10F21SO3-, C2F5OC2F4SO3- and C2F5(C6F10)SO3-. They obtained pure 2 stage by 
chemical oxidation of graphite with K2MnF6 in a solution including hydrofluoric and 
nitric acids for 72 hrs. 
 
Prud’homme et al. [38] intercalated GO sheets by diaminoalkanes and tailored 
interplanar spacings in the range of 0.8-1.0 nm by changing the size of the intercalant 
from (CH2)4 to (CH2)10. Their results showed that the intercalants are in a disordered 
state, with an important contribution from the gauche conformer. 
 
Li et al. [39] produced ultra-smooth GNRs by combining thermal exfoliation of 
expandable graphite with chemomechanical breaking of the resulting graphene sheets 
by sonication.  
 
 
c. Expanded Graphite 
 
Expanded graphite (EG) is a well-known material obtained from intercalated 
graphite exposed to a thermal shock. Thermal shock causes the vaporization of the 
intercalants and the expansion of the crystal lattice of planes of graphite flakes, and 
worm-like or vermicular-type structures are obtained at the end of the process. 
Furthermore, rapid heating of GO sheets results in superheating and volatilization of the 
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intercalants, embedded solvent, such as water, and the evolution of gas, such as CO2, 
from chemical decomposition of oxygen containing species in the GO sheets [40]. 
Furthermore, EG consists of graphene layers in a hexagonal arrangement bonded 
together by weak van der Waals forces. Sonication process causes to break these bonds 
and leads to the formation of graphitic nanoplatelets (GNPs) [41]. 
 
EG is a loose and porous material and its pore sizes range from 10 nm to 10 mm 
(Figure 2.7) [9]. Zhu et al. [42] mixed natural graphite with a mixture of concentrated 
sulfuric acid and hydrogen peroxide and heated GIC between 200-1000oC for the 
decomposition of intercalating acids. Then, worm-like EG was sonicated and 
centrifugated in 1-methyl-2-pyrrolidinone (NMP) to obtain mono- or few-layer 
graphene sheets.  
 
 
Figure 2.7.  SEM image of EG. 
 
There have been several attempts for the production of EG filled polymer 
nanocomposites to strengthen thermal, electrical and mechanical properties of polymers. 
Chen et al. [43] prepared polymer/graphite conducting composites using EG by a 
process of in situ polymerization. They demonstrated how the conductivity of 





2.1.2.3. Epitaxial Growth on SiC and Other Substrates 
 
Monolayer graphene on the graphite-silicon carbide (SiC) interface has 
remarkable 2D electron gas properties, including long phase coherence lengths (even at 
relatively high temperatures) and elastic scattering lengths measured by the micrometer-
scale sample geometry [44]. Epitaxial graphene is multilayered, unlike exfoliated 
graphite which has only one layer. Epitaxial graphene contains stacked, non-interacting 
graphene sheets [45]. 
 
The fabrication of epitaxial growth on diced (3 mm by 4 mm) commercial SiC 
wafers has several steps which are (i) hydrogen etching, (ii) vacuum graphitization (iii) 
application of metal contacts, (iv) electron beam patterning and development (v) oxygen 
plasma etch and (vi) wire bonding [44].   
 
Rollings et al. [46] obtained nearly one graphene sheets through the thermal 
decomposition of hexagonal (6H) SiC crystals. The process and characterization were 
performed in ultrahigh vacuum (UHV) conditions. Rollings’s group also demonstrated 
the first quantative characterization of the number of graphene layers using core level x-
ray photoelectron spectroscopy (XPS) and the first constant-energy electron density 
maps near Fermi energy using high-resolution angle-resolved photoemission 
spectroscopy (ARPES).  
 
Berger et al. [19] obtained ultrathin epitaxial graphite films including three 
graphene sheets on the 6H-SiC surface through thermal decomposition. Scanning 
tunneling microscope (STM) image was also shown as evidence for the epitaxial growth 
(Figure 2.8).  
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Figure 2.8. STM image of surface region of graphite/SiC (0001) after heating at 1400oC 
about 8 min [19]. 
 
 
2.1.2.4. Chemical Vapor Deposition Technique 
 
Recently, chemical vapor deposition (CVD) technique is a promising method for 
the synthesis of large-scale graphene. Micromechanical cleavage of graphite produces 
very small graphene films and the chemical reduction of exfoliated graphite oxide 
produces a large-amount of graphene. There are two commonly used CVD techniques 
which are thermal CVD and plasma enhanced CVD techniques.  
 
 
a. Thermal Chemical Vapor Deposition Technique 
 
The thermal CVD of hydrocarbons over metal catalysts (Ni, Cu, Co, Pt, Ir) has 
been an effective technique for the production of graphene sheets. Several researchers 
have conducted the experiments that demonstrated the patterned growth of graphene 
using catalyst patterns in CVD, in which graphene growth just takes place on the 
surface of catalyst patterns, resulting in graphene patterns. Camara et al. [47] presented 
selective epitaxial growth of few layers graphene on a pre-patterned SiC substrate. In 
this method, they sputtered a thin aluminum nitride layer on top of a monocrystalline 
SiC substrate, then patterned it with e-beam lithography and wet etching. Wang et al. 
[48] demonstrated the first large-scale synthesis of few-layered sheets of graphene by 
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the thermal CVD of methane (CH4) over cobalt (Co) supported on magnesium oxide 
(MgO) at 1000oC in a gas flow of argon (Ar). 
 
Instead of metal catalysts, templates are used for the production of monolayer 
graphene. Template CVD is a technique widely-used to fabricate various nanomaterials 
with controllable morphologies. For instance, Wei et al. [49] proposed controllable and 
scalable synthesis of graphene by using ZnS ribbons as the template in the CVD growth 
of graphene with CH4 as the carbon source. They obtained graphene ribbons with well-




b. Plasma Enhanced Chemical Vapor Deposition Technique  
 
The first work on the synthesis of single- to few-layer graphene by plasma 
enhanced CVD was published in 2004 [50]. A radio frequency plasma enhanced CVD 
system was used to produce graphene sheets on several substrates (Si, W, Mo, Zr, Ti, 
Hf, Nb, Ta, Cr, 304 stainless steel, SiO2, Al2O3), without any special surface preparation 
operation or catalyst deposition. 
 
Lee et al. [51] synthesized a high quality of graphene sheets including 1- or 2-3-
layers on stainless steel substrates at 500°C by micro-wave plasma CVD in an 
atmosphere of CH4/H2 mixture. 
 
 
2.1.2.5. Lithography Etching  
 
This technique is widely used in microelectronics and graphene devices to 
produce controllably etch graphene sheets into desired patterns. In 2004, Geim et al. 
fabricated graphene patterns by lithography etching (Figure 2.9), which was used in 
devices to explain the electric field-effect behavior of graphene [1]. The first step in this 
technique placed a large area graphene sheet on the substrate by micromechanical 
clevage. In the second step, the resist is patterned on the graphene by photo or electron 
beam lithography, which serves as the mask to protect graphene underneath against 
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etching. In the final step, an oxidative plasma etching of graphene occurs on the area 
without a mask, and a graphene pattern is revealed after the removal of the resist. 
 
 
  Figure 2.9. SEM image of a graphene field-effect transistor [1]. 
 
With lithography etching, different shapes of graphene (GNRs, graphene 
nanochannels, and graphene nanowires) can be produced. For instance, Han et al. [52] 
produced GNRs with well-defined widths ranging from 10 nm to 100 nm by this 
technique. In another work, Bai et al. [53] aligned silicon nanowires on top of graphene 
sheets, which protected the underlying graphene layer from oxygen plasma etching 
during the removal of the nanowire masks by sonication. Their technique can be used to 
produce GNRs with variable widths down to the sub-10-nm range. 
 
 
2.1.3. Raman Spectroscopy of Graphene 
 
Raman spectroscopy is a quick and accurate technique to determine the number of 
graphene layers and the change of the material’s crystal structure after chemical 
treatments [54]. There are four remarkable peaks in the Raman spectrum of graphite: the 
G line around 1580 cm-1, the G' line (the overtone of the G line) around 3248 cm-1, the 
D line around 1360 cm-1 and the D' line (the overtone of the D line) around 2700 cm-1. 
The intensity of the D line depends on the amount of the disorderness of the graphitic 
materials and its position shifts regarding to incident laser excitation energies [54]. As 
each layer is separated from the graphitic structure, the intensity of the G peak decreases 
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and the peak shifts towards higher wave numbers. In Figure 2.10, the G peak intensity 
of single-layer graphene is relatively lower than double-layer graphene. Ferrari et al. 
[55] showed that Raman spectroscopy could be used to discriminate the quality of 
graphene and to determine the number of graphene layers in the structure by the shape, 
width, and position of the D' peak.  
 
Figure 2.10. Raman spectra of (a) single- and (b) double-layer graphene [54]. 
 
In Figure 2.11, the D' band becomes broader and blueshifted when the graphene 
thickness increases from single-layer to multi-layer [56]. Also, G band becomes more 
intense as the number of graphene layers increases. The width of the D' peak splits into 
different subpeaks by changing the number of graphene layers [57].  
 
Figure 2.11. (a) Raman spectra of graphene with 1, 2, 3, and 4 layers (b) the enlarged 
D' band regions with curve fitting [56]. 
G   D'   Dʹ  
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The structural change from graphite to GNS could be observed by the intensity 
ratio of the D and G bands, ID/IG. This ratio varied inversely with the size of the 
crystalline grains or interdefect distance and this was also used to estimate the amount 




                 2.2. Utilization of Graphene anosheets in Fuel Cells 
 
 
In the previous part of Chapter 2, the properties of graphene and its synthesis 
techniques were mentioned. In this part, utilization of graphene nanosheets (GNS) in 
fuel cell applications was examined. 
 
Novel nanostructured carbon materials (carbon nanofibers, carbon nanotubes and 
graphene) have generated intense interest as catalyst supports in PEMFCs due to their 
unique structures and properties [58, 59]. However, the main drawbacks of these 
materials are high cost and mass production. At this point, GNS can serve as the 
promising catalyst support because of its low-cost and large-scale production. In 
addition, free standing graphene sheets have large surface area, high thermal and 
electrical conductivity, and high mobility of charge carriers [28]. According to Saner et 
al. [3], few graphene layers provide effective surface area to improve metal-support 
interaction. Authors proposed a mild chemical exfoliation method for the reduction of 
layer number in graphitic structure and the production in large quantities of GNS in 
order to utilize multiple GNS as the catalyst support materials in fuel cells. Rao et al. 
[60] demonstrated that graphene could be a good candidate as an electrode in 
supercapacitors because the specific capacitance of the exfoliated graphene in the 
aqueous electrolyte was better than activated carbons and carbon nanotubes. In another 
work, Ruoff et al. [15] showed that chemically modified graphene was incorporated into 
ultracapacitor test electrodes in order to increase the energy density of the packaged 
ultracapacitor by increasing the electrode thickness and eliminating additives.  
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Researchers have found new methods to enhance the dispersion of graphite 
nanosheets in a polymer matrix. One of them in these methods the dispersion of 
graphite nanosheets in polymer matrix during in situ polymerization of monomer using 
sonicated expanded graphite during sonication (Figure 2.12) [61]. This method provides 
much higher conductive composites than the other composites obtained by conventional 
methods.   
 
 
Figure 2.12. (a) SEM image of sonicated expanded graphite (b) TEM image of graphite 
nanosheet particles lying inside the polymer matrix separately [61].  
 
 
2.2.1. Fuel Cells 
 
Fuel cell is clean, compact and modular energy generation device that has the 
potential to revolutionalize the production of electricity and thermal energy. In fuel 
cells, hydrogen is used as a source of fuel. Typical fuel cell includes two electrodes 
sandwiched around an electrolyte. Oxygen passes over one electrode and hydrogen over 
the other, generating electricity, water and heat (Figure 2.13). Hydrogen is available in a 
mixture with other gases (such as CO2, N2, CO), or in hydrocarbons such as natural gas, 





                     Figure 2.13. Schematic representation of fuel cell.  
 
Sir William Grove was the pioneer of fuel cell technology who performed 
experiments on the electrolysis of water in 1839 [62]. Afterwards, Francis T. Bacon 
started to work on practical fuel cells in 1937, and he developed a 5 kW fuel cell by the 
end of 1950s. Then, NASA decided to use fuel cells as power sources in Gemini and 
Apollo spacecrafts.  
 
United Technologies Corporation's UTC Power subsidiary was the first company 
to manufacture and commercialize a large, stationary fuel cell system for use as a co-
generation power plant in hospitals, universities and large office buildings. 
 
A fuel cell operates like a battery. Both have an electrolyte, and a positively 
charged anode and a negatively charged cathode, and they generate DC electricity by 
conversion of chemical energy via redox reactions at the anode and cathode. However, 
there are some differences between a battery and a fuel cell. One is that a fuel cell 
requires a constant supply of fuel and oxidant to produce electricity. Another difference 
is that the electrodes in a fuel cell do not undergo chemical changes.   
 
There are many advantages of fuel cells listed as followings: 
 
i. high efficiency conversion (maximum 80%)  
ii. high power density 
iii. environmentally friendly, its main byproduct is water, when comparing to 
numerous harmful pollutants created by fossil fuels 
iv. a long lasting alternative to a limited fossil fuel supply 
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v. construction in various sizes, weights and power levels (e.g. household 
appliances, automobiles) 
 
Fuel cells are usually more efficient than combustion engines because fuel cells 
can produce electricity directly from chemical energy. In contrast to batteries, fuel cells 
provide easy scaling between power changed by the fuel cell size and capacity 
measured by the fuel cell reservoir size. Fuel cells offer higher energy densities 
compared to batteries and can be quickly recharged by refueling. 
  
 
2.2.1.1. Types of Fuel Cells 
 
There are different types of fuel cells depending on the kind of electrolyte used 
and the operation temperature as follow [63]: 
 
• Polymer electrolyte membrane or proton exchange membrane fuel cells 
(PEMFC) use a proton conductive polymer as the electrolyte (e.g. 
perfluorosulfonated acid polymer). These fuel cells operate at temperatures 
between 60oC and 80oC.  
• Alkaline fuel cells (AFC) use a solution of potassium hydroxide (KOH) in water 
as the electrolyte. These fuel cells operate at temperatures between 100oC and 
250oC.   
• Phosphoric acid fuel cells (PAFC) use concentrated phosphoric acid (~100%) as 
the electrolyte. Operating temperatures are between 150oC and 220oC.  
• Molten carbonate fuel cells (MCFC) have the electrolyte consisted of a mixture 
of alkali (Li, Na, K) carbonates, which is suspended in a ceramic matrix of 
LiAlO2. Operating temperatures are between 600oC and 700oC. At these 
temperatures, the carbonates form a highly conductive molten salt, with 
carbonate ions providing ionic conduction.  
• Solid oxide fuel cells (SOFC) use a solid, nonporous metal oxide, typically 
Y2O3-stabilized ZrO2 as the electrolyte. Operating temperatures change from 
800oC to 1000oC.  
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The operation conditions and properties of all five fuel cell types are summarized in 
Table 2.3 [64]. Consequently, among these fuel cells, PEMFC is attracting great 
attention owing to its great potential in transportation, residential and portable 
applications. 
 
Table 2.3.  
Characteristics of major fuel cells and their operation conditions [64] 










Charge Carrier H+ H+ OH- CO32- O2- 
Operating 
Temperature 
80oC 200oC 60-220oC 650oC 600-1000oC 














H2 H2 H2, CH4 H2, CH4, CO 
 
 
2.2.1.2. Polymer Electrolyte Membrane Fuel Cells 
 
PEMFCs deliver high power density which provides low weight, low cost and low 
volume. The idea of using a proton-conducting ion exchange membrane as solid 
polymer electrolyte in a fuel cell was first demonstrated by Grupp [65]. The most 
important breakthrough was the development of  perfluorinated cation exchange 
membrane (Nafion®, DuPont, USA) by Grot, which extend the life time of fuel cell to 
several thousands of hours at operation temperatures lower than 100oC [66, 67].  
 
Electrochemical reactions take place at the surface of the catalyst at the interface 
between the electrolyte and membrane. During reaction, each hydrogen atom includes 
one electron and one proton.  While protons travel through the membrane, electrons 
travel through electrically conductive electrodes, current collectors and the outside 
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circuit. Water is obtained at the end of the reaction and drive out of the cell with excess 
flow of oxygen.  
 
The basic fuel cell reations are: 
 
−+ +→ eHH 222     (anode side) 
OHeHO 22 222/1 →++
−+   (cathode side) 
OHOH 222 2/1 →+    (overall) 
 
 PEMFCs can be used in several application areas due to their wide range 
power generation. The application areas of PEMFCs according to the level of power are 
shown in Table 2.4 [68].  
 
Table 2.4.  
PEMFC applications according to power levels [68] 
Level of power Application area 
 > 1 MW Local distributed power station 
100 kW-1 MW Large transportation vehicles (naval ships, submarines, buses); small 
portable power station; small stationary power station 
10 kW-100 kW Transportation vehicles (cars and mid-size buses); backup power for 
mid-size communication station; small power station  
1 kW-10 kW Transportation vehicles (motorcycles, utility vehicles, cars, yachts); 
several portable power devices used for field working; underwater 
platform; backup power; uninterruptible power; residential power 
system  
100 W-1 kW Simple riding devices (bicycles, scooters, wheelchairs); backpack 
power; power for exhibition or demo; UPS for small services, 
terminals and computers  
10 W-100 W Portable power for emergency working power supply and military 
equipment; battery replacements; lighting; signal light power 




There are still problems for the commercialization of fuel cell due to the technical 
barriers such as on board storage, infrastructure for hydrogen fuel cell and the fuel cell 
system and its durability. Durability can be explained as the maximum life time of fuel 
cell system with no more than 10% loss in efficiency at the end of life.  The main 
contaminants of PEMFCs are carbon monoxide, carbon dioxide, and the hydrocarbon 
fuel. Therefore, fuel cell life time decreased because of several failure modes mentioned 
in Table 2.5 [69].   
 
Table 2.5.  
Major failure modes of different components of PEMFCs [69] 
Component  Failure modes Causes 
 
Membrane 
Mechanical degradation Mechanical stress due to the non-
uniform press pressure; inadequate 
humidification or penetration of the 
catalyst particles; fluoride losss 
Thermal degradation Thermal stress; drying of membrane 
Chemical/Electrochemical 
degradation 
Trace metal contamination (foreign 
cations such as Ca+2, Fe+3, Cu+2, 
Na+, K+, and Mg+2); radical attack 
(e.g. peroxy and hydroperoxy) 
Catalyst/Catalyst 
Layer 





Decrease in mass transport 
rate of reactants; 
 
Loss of reformate tolerance; 
 
Decrease in control of water 
management 
Sintering or dealloying of 
electrocatalyst; 
 







Change in hydrophobicity of 










Decrease in control of water 
management 
Degradation of backing material; 
 
Mechanical stress (e.g. freeze/thaw 
cycle) 
 
Corrosion; change in 




Consequently, several internal and external factors affect the performance of a 
PEMFC, such as fuel cell design and assembly, degradation of materials, operational 
conditions (temperature and pressure), and impurities or contaminants [69]. 
 
 
2.2.1.3. Main Fuel Cell Components 
 
The main components of a fuel cell are an ion conducting electrolyte, a cathode 
(positive electrode), and an anode (negative electrode), as shown schematically in 
Figure 2.14. In PEMFC, a membrane as the electrolyte sandwiched between an anode 
(negative electrode) and a cathode (positive electrode). These three components are 
often called membrane electrode assembly (MEA), or simply a single fuel cell. 
 
 





A fuel cell membrane should have ideal physical characteristics for a PEMFC, 
high proton conductivity, good thermal stability, adequate mechanical strength and 
exceptional chemical stability [70]. The membranes of PEMFCs are made up of 
perfluorocarbon-sulfonic acid ionomer. The best commercial membranes are Nafion® 
(DuPont, USA), Flemion® (Asahi Glass, Japan) and Aciplex® (Asahi Kasei, Japan), and 
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composite membranes  made up of a Teflon-like components such as the membrane 
made by W.L. Gore and Associates. However, these commercial membranes are 
expensive and make PEMFCs economically unattractive in several applications. These 
membranes are expensive because of the complex fluorine chemistry involved in the 
production. Therefore, the main focus of ongoing research is to decrease the cost and 
improve the performance of the cell [71-75].  
 
There are some characteristic properties of membrane that affects the performance 
of fuel cells directly: proton conductivity, water uptake, water transport and gas 
permeation. The proton conductivity of proton exchange membrane (PEM) relies on the 
membrane structure and its water content. The water content is explained as grams of 
water per gram of polymer dry weight. Water uptake causes the membrane swelling and 
alters its dimension stability and mechanical strength. Proton conductivity is the critical 
property for polymer electrolytes utilized in fuel cells. High conductivity is required in 
order to reduce the ohmic overpotential loss. Water uptake and ion exchange capacity 
are two significant parameters that affect proton conductivity [76]. Membrane transport 
properties are highly water dependent, and thus small amount of water leads to the 
anode side of the membrane to dry out and lose conductivity [77]. Therefore, the 
membrane is a major component in the water balance. Furhermore, the membrane 
should be impermeable to the reacting gases to prevent the mixing of these gases prior 





A fuel cell electrode is a thin catalyst layer sandwiched between the ion-
conducting membrane and porous, electrically conductive substrate. An effective 
electrode is one that properly balances the transport processes required for fuel cell 
operations [78]. The three required transport processes are the transport of 
i. protons from the membrane to the catalyst; 
ii. electrons from the current collector to the catalyst through the gas diffusion 
layer (GDL); 




GDL must be able to conduct electricity and be water permeable because GDL is 
a key component of the electrode, providing hydrogen and oxygen fuel to them whereas 
collecting electrons generated and discharging water produced at the membrane. 
Therefore, there are several requirements for an ideal GDL which the diffusion of the 
gaseous reactants effectively into the catalyst layers, high in-plane and through-plane 
electronic conductivity, uniform surface for good electrical contact, and proper 
hydrophobicity for water management in each function. GDL has three important 
functions which are 
 
i. the diffusion of gases through gas diffusion layer from flow channel to catalyst  
ii. the removal of water in order to prevent flooding 
iii. keep some water on surface to keep conductivity through PEM. 
 
Electrode designs are changed by the structure and fabrication of the catalyst 
layer. Therefore, catalyst support materials have great influence on the cost, 
performance and the durability of PEMFCs. The ideal support materials should provide 
high dispersion, utilization, activity, and stability for the catalyst especially platinum 
(Pt) [78-80]. Pt is the most common catalyst in PEMFCs for both oxidation and 
reduction reactions. Carbon black has been extensively used as a catalyst support for Pt 
in PEMFCs. However, alternatives to carbon black are still needed to enhance catalyst 
utilization and reduce the cost. 
 
 
c. Membrane Electrode Assembly 
 
The heart of the PEMFCs is the membrane electrode assembly (MEA) composed 
of a proton exchange membrane sandwiched between two porous gas diffusion 
electrodes. These electrodes are made up of a catalyst support material or gas diffusion 
layer and a catalyst layer.  
 
The thickness of the membrane in the MEA depends on the type of membrane and 
the thickness of catalyst layer. Thus, the thickness of catalyst layer relies on the amount 
of deposited Pt in each electrode. For catalyst layers including about 0.15 mg Pt/cm2, 
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the thickness of the catalyst layer is approximately 10 µm. When the total thickness of 
MEA is adjusted as 200 µm, fuel cell can generate more than half an ampere of current 
for every square centimeter of assembly area at a voltage of 0.7 volts.  However, this 
only occurs when all engineering components constructed properly like backing layers, 
flow fields, and current collectors. 
 
 
2.2.2. Catalyst Support Materials 
 
One possible limiting factor for the commercialization of PEMFCs is the cost of 
the catalyst materials and the relatively high resistivity of the isotropic carbon support. 
In current PEMFCs, carbon black is used as a catalyst support. However, the carbon 
black catalyst support corrodes too rapidly, especially under transient load and on/off 
operation conditions [81]. 
 
 
2.2.2.1. The Importance of Catalyst 
 
 
In fuel cells, a catalyst promotes hydrogen molecules to split into hydrogen atoms 
and then, at the membrane, each atom splits into a proton and an electron.  Noble metals 
(Pt, Ru or Pt-Ru alloys) deposited on high surface area carbon materials are significant 
electrochemical catalysts for PEMFCs. Catalytic activity relies on the size and 
dispersion of the metal nanoparticles on the support as well as metal-support 
interactions [82].  
 
In PEMFCs, Pt is one of the best electrocatalysts for the four-electron reduction of 
oxygen to water in acidic environments due to its lowest overpotentials and highest 
stability [83]. However, Pt is quiet expensive so this becomes a major problem in the 
production cost. Researchers focus on the catalyst supports in order to reduce the Pt-
loading but it is not easy to sustain the catalyst performance if Pt loading is decreased 
[84]. At this point, the proper interaction between the catalyst and support material 
should be provided (Figure 2.15). Carbon black is the most common catalytic support 
having good electronic conductivity, high surface area, good electrochemical 
 30 
performance and stability in acidic environments. However, new types of support 
materials having high surface area are required for low catalyst loadings to decrease the 
cost. 
 
Figure 2.15. Schematic representation of the interaction between catalyst and carbon 
support.  
 
Pt dispersion enlarges with increasing of oxygen surface functional groups and 
these oxygen groups provide fine metal dispersion because of the porous structure of 
supports [85]. There are two common chemical methods to synthesize carbon supported 
fuel cell catalysts, impregnation method [86] and colloidal method [87]. The 
impregnation method is more advantageous since the metal is only decorated within the 
pore structure of the carbon [84].  In impregnation method, a solution of metal salts is 
prepared and mixed with the carbon support. The resulting mixture is dried to remove 
the solvent and then chemical reduction and heat treatment is applied to give the desired 
form of the catalyst. 
 
 
2.2.2.2. Ideal Catalyst Support Materials 
 
The size of catalyst particles and the distance between the particles on support 
affect the surface area of electrocatalyst and catalytic activity [88]. In the PEMFC 
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systems, metal-support interaction has a significant influence on the growth, the 
structure, and the dispersion of platinum particles on the carbon supports, thus 
improving the catalytic properties and the stability of Pt nanoparticles [84].  
 
An ideal carbon support should possess the following characteristics [89]:  
 
i. high surface area to deposit nanosized Pt catalysts, thus increasing the reaction 
sites for electrochemical reaction,  
ii. exhibit sufficient electrode porosity for the mass transport of reactants to the 
active sites and removal of products at demanding high current densities,  
iii. stable under cathode environment, where it is subjected to a high potential  (> 
0.85 V vs reversible hydrogen electrode), high acidity (low pH< 1), high 
humidity (relative humidity, RH 80%), and high temperature (60–90°C) 
iv. should possess very good electrical properties (σ >0.8 S cm−1) to move the 
electrons produced at the anode via an external circuit to the active sites at the 
cathode, where air/oxygen along with the protons conducted through the 
membrane from the anode is reduced to water. 
 
Long-term durability is a main obstacle in fuel cells due to loss of electrochemical 
surface area, carbon corrosion, etc. At this point, new discovered catalyst supports can 
be good candidates in order to prevent the corrosion of catalysts. These materials must 
be appropriately stable at low pH and high potential, in contact with the polymer 
membrane and under exposure to hydrogen gas and oxygen at temperatures up to 
120oC. Furthermore, corrosion of the catalyst carbon support is one of the important 
drawbacks affecting electrocatalyst and catalyst layer durability. Carbon monoxide 
binds strongly to platinum catalysts at temperatures below 150oC, which decrease 
available sites for hydrogen chemisorption and electro-oxidation. 
 
 
2.2.2.3. ovel anostructured Carbons as Catalyst Supports 
 
Catalyst support materials show great influence on the cost, performance and the 
durability of PEMFCs. A suitable catalyst support must be stable in acidic media, and 
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also have good electronic conductivity, and high specific surface area. The durability of 
the catalyst is relied on its support.  
 
In fuel cells, carbon black is usually utilized as the supporting material for Pt due 
to its high surface area and low cost. Nevertheless, carbon black has some performance 
and stability issues under fuel cell operation. The carbon black-based catalyst support 
has two common problems: (i) due to its dense structure and significant mass transfer 
limitations [90]; (ii) due to its easy electrochemical oxidation into surface oxides 
(especially CO2 at the cathode in fuel cells). These problems lead to a very low Pt 
utilization.  Currently, instead of carbon black, carbons with different nanostructures 
like carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been studied 
extensively [91, 92]. However, in contrast to porous carbons or CNTs, GNS have larger 
specific surface area, better electrical conductivity, and more flexible structure, which 
make graphene sheets appropriate for fuel cell applications [93].  
 
The growth, the structure, the dispersion and size of metal catalysts on support 
materials affect the catalytic activity and durability. In PEMFCs, in both cathode and 
anode sides, low loading Pt and platinum alloys with supported carbon having large 
surface area are extensively used to reduce the cost.  
 
Catalyst supports for PEMFCs are categorized in two main groups: 
 
I. Primary catalyst supports: nanostructured carbon materials (CNFs, CNTs, 
graphitic materials (graphene, expanded graphite)), mesoporous carbons and 
conductive diamonds 
II. Secondary catalyst supports: conductive oxides (indium tin oxide (ITO), TiOx, 
WOx, IrO2, Tin oxide (SnO2)). Oxides are used to enhance the characteristic 
properties of primary support material and can also be used as independent 
support materials. 
 
CNFs (diameter range 3–100 nm and length range 0.1–1000 mm) often called 
carbon filaments or filamentous carbon have potential applications in energy storage, 
polymer reinforcements and catalyst supports [94]. There are three types of CNFs 
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shown in Figure 2.16: platelet-CNF (CNF-P), tubular-CNF (CNF-T) and herringbone-
CNF (also called fishbone-CNF). Like CNTs, CNF can be produced over metal 
catalysts by CVD techniques. CNFs provide high dispersion of Pt nanoparticles due to 
their high surface area and unique structures [95]. Bessel et al. [95] deposited Pt 
particles on three types of CNFs by using incipient wetness method. Their results 
showed that 5 wt% Pt catalysts can be deposited on ‘platelet’ and ‘ribbon’ CNFs 
whereas 25 wt% Pt particles dispersed on Vulcan carbon.   
 
 
Figure 2.16. Schematic representations of three types of CNFs (a) CNF-P, (b) CNF-R 
and (c) CNF-H. 
 
CNTs were first discovered by Iijima at the NEC laboratory in 1991 [96]. CNTs 
can be categorized into single-walled CNTs (1-3 nm diameter) and multi-walled CNTs 
(10-100 nm diameter) (Figure 2.17). Among several synthetic routes for the production 
of CNTs, the CVD route is mainly favored because of its scalability and potentially low 
cost [97]. In CVD technique, the catalytic metal nanoparticles are often coated onto a 
solid support in order to prevent sintering at high growth temperatures (600 to 1000°C). 
Widely used supports include silica (SiO2), alumina (Al2O3), titania (TiO2) or 
magnesium oxide (MgO) due to their chemical inertness and high-temperature 
resistance.  
(a) (c) (b) 
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Figure 2.17. Schematic representations of (a) single-walled CNT and (b) multi-walled 
CNTs.  
 
The common obstacle in CNTs and CNFs as catalyst support is to control the size 
and distribution of Pt nanoparticles. Surface treatment of carbon nanostructures affects 
the dispersion and size distribution of Pt catalyst particles on the surface.  For instance, 
the oxidative treatment of the carbon surface causes the formation of surface acidic sites 
and the destruction of surface basic sites. In consequence of oxidation process, the 
aromatic conjugate ring system of graphene sheet surface can be modified and CNTs 
can be functionalized with functional groups such as hydroxyl (-OH), carboxyl (-
COOH), and carbonyl (-C=O) [98]. These surface functional groups serve as metal-
anchoring sites to facilate metal nuclei formation and electrocatalysts deposition. 
The chemical interaction between catalyst metal ions with functionalized CNT 
surface could be proposed as following equation: 
 
                        CNT-COOH + M+X- → CNT-COO-M+ + HX 
 
where the carboxylic group on the CNT surface exchanges a proton with a metal ion 
(M+). Rajalakshmi et al. [99] demonstrated that the particle size of Pt might be 
correlated with the oxidation degree of CNTs, indicating that the efficient deposition of 
Pt particles is because of the strong interaction between metal salt precursor and the 




The properties, applications and future directions of catalyst supports summarized 
in Table 2.6 [10]. 
 
Table 2.6. 





Properties Application Future 
directions 
CNT/CNF sp2 carbon, medium/high surface 

















sp3 carbon, high stability, low 
surface area and low 
conductivity 




SnOx/ITO Semiconductor/conductor, low 





























WC/WC2 Pt-like catalytic properties, 
synergistic effect 







2.2.2.4. Conducting Polymers as Catalyst Supports 
 
Conducting polymers have high conductivity, and are lightweight, inexpensive, 
flexible, airstable and environmentally friendly but the major obstacle of conducting 
polymers as an electrode material is the degradation during cycling because of the 
volume change of the polymer due to the insertion/deinsertion of counter ions [100]. 
Conducting polymers provide conductive through a conjugated bond system along the 
polymer backbone. Conducting polymers have partially crystalline or partially 
amorphous structures and thus they contained both delocalized and localized states. The 
delocalization of π  electrons relies on the extent of disorder, interchain interactions, 
etc. The disorder and induced localization have a significant influence on the metal-
insulator interaction and transport properties of conducting polymers. Furthermore, the 
structure of polyconjugated chain, interchain interaction, disorder and doping level 
affect the stability of charge carriers (solitons, polarons, bipolarons, and free carriers in 
doped conducting polymers).  
 
In 1958, Natta firstly synthesized polyacetylene as a black powder by bubbling 
acetylene gas through a titanium/trialkyl aluminum catalyst solution while stirring. In 
1971, Shirakawa synthesized polyacetylene films on the metal surface using Ti(OBu)4-
Et3Al known as the Ziegler-Natta catalyst by a mild method. After the discovery of 
polyacetlyene, various conjugated polymers have been produced. There are two major 
synthesis techniques: chemical oxidation of the monomer and electrochemical oxidation 






























Figure 2.18. Chemical structures of widely used conducting polymers. 
 
The doping process is performed by chemical or electro-chemical oxidation (p- 
type doping) or reduction (n-type doping) of a polymer. The doping leads to the 
formation of different charge carriers which are polarons, bipolarons, solitons, and free 
carriers. The polaron–bipolaron model is extensively used for the explanation of 
electrochromic and electrochemical behavior of conducting polymers. Polaron and 
bipolaron states are directly related to the intermediary energy levels that placed in the 
electronic band gap region of the polymer due to oxidation [102]. A charge associated 
with a boundary or domain wall is called a soliton since it has the properties of a 
solitary wave which can propagate without deformation and dissipation [103]. The 
amount of polarons, bipolarons, and/or solitons increases with the doping level. 
 
Band theory can clearly explain the electrical properties of conducting polymers. 
Polymer having a crystalline structure can interact with all its neighbors to form 
electronic bands. The highest occupied electronic levels constitute the valence band 
(VB) and the lowest unoccupied levels, the conduction band (CB). The width of the 
Polyacetylene Poly(p-phenylene) 
Poly(p-phenylene vinylene) Polythiophene 
Polypyrrole Polyaniline 
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forbidden band, or bandgap (Eg), between the VB and CB tailors the intrinsic electrical 
properties of the material.  
 
In conducting polymers, the motion of delocalized electrons occurs through 
conjugated arrangements but the electron hopping mechanism is expected to be 
operative between chains (interchain conduction) and defects. The electron transfer 
mechanism occurs by the movement of electrons through overlapping and unoccupied 
electronic energy states. 
 
Among the various conducting materials, polypyrrole (PPy) has taken special 
attention because of its relatively easy processability, electrical conductivity, and 
stability in the oxidized states [14]. PPy shows a greater degree of flexibility in 
electrochemical processing than most of conducting polymers, and thus PPy is widely 
used as a supercapacitor or battery electrode [101].   
 
PPy can be synthesized in two ways: chemical synthesis and electrochemical 
synthesis. PPy synthesized by the oxidation of the monomer with chemical oxidants 
such as aqueous or anhydrous FeCl3, other salts of Fe+3 and Cu+2 have a form of black 
powder. There are several parameters that affect the yield and conductivity of the PPy 
which are the choice of solvent and oxidant, initial pyrrole/oxidant ratio, duration and 
temperature of the reaction. 
 
The lattice distortion extends over four pyrrole rings in PPy structure. This 
combination of a charge site and a radical is called a polaron. This can be either a 
radical cation (oxidation) or a radical anion (reduction). The formation of polaron 
causes new localized electronic states in the gap, with the lower energy states being 
occupied by single unpaired electrons. When a polaron is removed from the polymer 
backbone due to further oxidation, two new positive charges are formed which is called 
bipolarons. As the dopping process increases, additional bipolaron states start to form 
and thus these states overlap to form bipolaron bands (Figure 2.19). Consequently, 











































































Figure 2.19. Schematic representations of (a) energy gaps and (b) chemical structures 








eutral Polaron Bipolaron  
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Conducting polymers represent an ideal fuel cell catalyst support in the oxidized 
state since they have both electronic and ionic conductivity and porous structure. PPy, 
poly(3,4-ethylenedioxythiophene) (PEDOT) or polyaniline based supports have 
reported previously [104-106]. Nanocomposites based on conducting polymers and 
carbon nanomaterials can be used as a potential catalyst support to improve the 
properties of supports and extend life cycle of fuel cells. There have been several 
attempts for the synthesis of these types of nanocomposites. Previously, Wang et al. 
[107] reported that the remarkable electrical conductivity and specific capacitance of 
graphene/polyaniline composites as a supercapacitor electrode material. Recently, a 
study was published on a graphene/polyaniline composite paper by in situ anodic 
electropolymerization of aniline monomer as a polyaniline film on graphene paper 
[108]. In addition, graphene sheets dispersed in the polymer matrix provide a stronger 
catalyst-support interaction and produce smaller catalyst particles which are more 
resistant to degradation [107, 109]. 
 
 
2.2.2.6. Catalyst Deposition Techniques 
 
Deposition of Pt catalysts can be divided into two main groups: physical and 
chemical methods. Physical methods mostly involve in the atomization of metals in a 
vacuum by thermal evaporation or sputtering. On the other hand, chemical methods are 
more preferably due to the control of size, shape and compositions, as well as easy mass 
production. There are several chemical methods for the deposition of Pt catalysts on 
supports. Mostly used chemical deposition techniques are impregnation method, 
electrochemical method, colloidal method, ion-exchange method and sputtering method. 
The impregnation method is the most widely used wet-chemical technique. This method 
has the advantages of facile metal deposition on the carbon support and large scale 
production [110]. This method is applied by the impregnation of metal salt solution on 
the support materials and then the reduction of catalyst ions. The functionalization of 
carbon supports with reactive groups has a significant influence on the size and 
distribution of Pt particles during impregnation method. There are two types of 
functionalization: covalent and non-covalent functionalization. Covalent surface 
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modification causes a permanent change on the material surface and the functional 
groups form a covalent bond with metal catalysts [111]. 
 
Surface oxidation, one of the covalent modifications, provides the formation of 
functional groups like hydroxyl (-OH), carboxyl (-COOH) and carbonyl (-C=O) on the 
support surface. These functional groups can act as metal-anchoring sites to facilitate 
metal nuclei formation and electrocatalysts depositon [99]. For the surface oxidation, 
several oxidizing agents are used such as KMnO4, K2Cr2O7, H2SO4, HNO3, H2O2, etc.  
Xu et al. [112] studied the effect of the treatment process on Pt catalyst deposition on 
CNTs. In their work, CNTs were oxidized by H2SO4 and HNO3 and then immersed in 
H2O2 solution for Pt deposition. The size of Pt nanoparticles on the CNT’s surface was 
estimated approximately 3 nm and the best catalytic properties were observed in 
PEMFCs. Matsumoto et al. [91] oxidized CNTs by HNO3 through refluxing and then 
two different Pt compounds which are H2Pt+4Cl6·6(H2O) and K2Pt+2Cl4 used for the 
deposition on functionalized CNTs. The deposition procedure is conducted by heating 
CNTs with these two catalysts in ethylene glycol at 313 K for 2 h. Two kinds of Pt 




Figure 2.20. TEM images of Pt deposited CNT (a) HPt-CNT and (b) KPt-CNT [91]. 
 
After the discovery of graphene, researchers have started to utilize graphene 
sheets as catalyst supports and impregnated Pt nanoparticles on the surface of the sheets. 
(b) (a) 
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Yoo et al. [113] demonstrated that Pt catalyst deposited GNS shows a higher CO 
tolerance performance in the hydrogen oxidation reaction and enhances the catalytic 
activity. In their work, 20 wt% Pt catalysts were deposited onto GNS using a platinum 
precursor of [Pt(NO2)2(NH3)2] in an ethanol solution. Before the deposition of Pt 
catalyst particles, graphene sheets have ripple structure, Figure 2.21 (a). After the Pt 
deposition, Pt particles disperse on the surface of sheets in the size range of 2-3 nm, 
Figure 2.21 (b).   
  
  
Figure 2.21. (a) TEM image of graphene sheets and (b) High-Angle Annular Dark-
Field Scanning Transmission Electron Microscopy (HAADF-STEM) image of 20 wt% 
Pt/GNS [113]. 
 
Instead of impregnation method, electrochemical method, colloidal method, ion-
exchange method, microwave heated polyol method and sputtering method are applied 
for the decoration of Pt nanoparticles on supports. For instance, electrochemical method 
provides selective deposition at the defined locations by controlling the nucleation and 
growth of Pt catalysts. In this method, pulse current, direct current and cyclic 
voltammetry are mostly used techniques to decorate catalyst particles on carbon 
supports and this technique provides low Pt loadings and enhances the Pt utilization at 
anode and cathode sides of PEMFCs [114]. In the colloidal method, the size of Pt 
catalysts is tailored by the protecting agents such as ligands, surfactants, or polymers 
[115]. This method includes the production of platinum metal colloid and then 
adsorption on carbon support or the fabrication of oxide colloidal Pt particles and then 
reduction and adsorption on support. In the ion-exchange method, protective colloiding 
(a) (b) 
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agents, reducing agents, precursor complexes, etc. are not used and only cation complex 
of Pt catalysts was ion-exchanged with hydrogen ions of the acid functional groups on 
carbon supports [58]. In the microwave heated polyol method, colloidal Pt and Pt alloys 
prepared by polyol process (mostly used ethylene glycol) are decorated on carbon 
supports by a microwave assisted process [116]. In the sputtering method, Pt deposition 
is conducted on a carbon gas diffusion media by sputtering to provide maximum Pt 

































CHAPTER 3. AIM AD MOTIVATIO 
 
As mentioned previously in Chapter 2, there have been several reported oxidation-
exfoliation methods for the oxidation of graphite, chemical reduction and thermal 
treatment. Each method has a number of advantages and disadvantages and especially 
hazardous and harsh chemicals such as hydrazine, nitric acid are used in these methods. 
Therefore, the synthesis of high-quality graphene sheets in commercial quantities is still 
the most significant step. In this study, we proposed a simple, safer and cheap method 
for the production of high-quality and high-yield graphene nanosheets (GNS). 
 
The remarkable physical, chemical and mechanical properties of graphene sheets 
open up the extensive applications in energy storage devices. Especially polymer 
electrolyte membrane fuel cells (PEMFCs) deliver high-power density and offer the 
advantages of low weight and volume, compared with other fuel cells. They also operate 
at relatively low temperatures, around 80°C. However, there are several obstacles for 
both the production of GNS and the cost of fuel cells. A major obstacle to the 
commercialization of PEMFCs is the high cost and stability of Pt electrocatalysts. At 
this point, GNS as a catalyst support can provide maximum catalyst dispersion and thus 
enhance the catalyst activity in fuel cells due to their large surface area, good electrical 
conductivity, and exceptional chemical stability. 
 
In addition, the incorporation of graphene sheets in conducting polymers can 
enhance thermal, electrical and chemical features of catalyst support. A critical step in 
polymer nanocomposites is the dispersion of the nanofillers. Herein, we proposed 
sonication combined with in situ polymerization technique for the formation of well-
dispersed structures.  
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This thesis includes the topics of an extensive area from the synthesis of graphene 
sheets to the utilization of graphene-based electrodes in fuel cells. The main objectives 
of this study are summarized as follows:  
 
i. Chemical exfoliation of graphite by an improved, safer and mild method for the 
large-scale synthesis of GNS. 
ii. Tailoring characteristic properties of GO sheets and GNS at different oxidation 
times. 
iii. Graphene based nanocomposite production. 
iv. Pt deposition on graphene based nanocomposites and the effect of oxygen 
surface groups on Pt dispersion. 
v. Fabrication of fuel cell electrodes. 
vi. Fabrication of membrane electrode assembly (MEA) for fuel cells. 
vii. Fuel cell testing. 
 
 
i. In the literature, several techniques were described for the exfoliation of graphene 
sheets. In this study, we proposed an improved, safer and mild method for the 
exfoliation of graphene nanosheets from graphite at mild reaction conditions. 
Instead of strong oxidizing agents such as potassium chlorate, and potassium 
permanganate as used in the other papers, GO was prepared by the reaction of 
graphite with potassium dichromate and sulfuric acid as oxidizing agents. Since 
there are risks of explosions, when potassium chlorate, and potassium 
permanganate are used together with sulfuric acid. Therefore, the major aims in 
this step are to reduce the number of layers in the graphite material using a safer 
and mild technique, and to produce large quantities of graphene bundles to be 
used as catalyst support in PEMFCs. 
 
ii. After oxidation process, GO still preserves a layered structure, yet is much lighter 
in colour than graphite owing to the loss of electronic conjugation. As the 
oxidation time is increased, the strong bonding between graphene layers in 
graphite can be reduced and graphene layers start to exfoliate forming clusters 
with a few number of graphene layers. In this step, there are three main objectives 
which are (i) to tailor the characteristic properties of GNS via various oxidation 
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times, (ii) to optimize reactant ratios during graphite oxidation, and (iii) to 
decrease the number of graphene layers in graphitic structure to be used as fuel 
cell electrodes. 
 
iii. GNS can act as effective conductive fillers in polymer matrice due to the high 
aspect ratio, excellent electrical conductivity and cost efficiency as compared to 
CNTs. Therefore, in this step, GNS were fabricated in large quantities by adopting 
a safer and mild chemical route including oxidation, ultrasonic treatment and 
chemical reduction. Moreover, the products obtained after each step in the 
synthesis of GNS such as GO sheets and expanded GO were used as fillers in 
polymer matrix.  
 
In this step, PPy was coated on GO sheets, expanded GO and GNS by in situ 
polymerization with different Py feed ratios. The influence of the feeding ratios on 
the morphologies, crystal structures, thermal properties, and electrical 
conductivities of PPy/GO, PPy/Expanded GO and PPy/GNS composites were 
investigated systematically by various characterization techniques. 
 
iv. The material on which the catalyst is supported has a significant influence on the 
dispersion and size of the metal clusters. The capability of GNS to support metal 
particles provides new ways to improve electrocatalyst for fuel cells. For that 
reason, PPy/GO, PPy/Expanded GO and PPy/GNS composites were prepared to 
be employed as the catalyst supports. Then, Pt catalysts were impregnated on the 
surface of composites, and catalyst dispersion and size distribution were tailored 
by applying three different methods including sonication and direct deposition 
techniques. By applying different deposition techniques, we proposed a shorter 
and more effective deposition technique for maximum catalyst dispersion. In 
addition, we investigated the effect of oxygen surface groups on Pt dispersion by 
comparing XRD and EDX results of GO, expanded GO, GNS and their 
composites before and after the Pt deposition. To best of our knowledge, this is 
the first comprehensive and quantitative investigation in the literature about the 
relationship between the Pt dispersion and oxygen functional groups on the 
surface of graphene-based nanocomposites. 
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v. New fuel cell electrodes composed of GO, GNS, and their composites can 
function as conventional electrodes and provide a significant reduction in weight 
of fuel cells. Since the weight and space of fuel cells are main requirements, the 
energy can be maximized by using a new and improved lightweight fuel cell 
electrode. Also, the large quatities of Pt catalysts in original PEMFCs is the main 
obstacle for the commercialization. In this step, thin-film composite electrodes 
were prepared using GO, GNS and their composites by drop-casting method. 
Then, Pt catalysts were decorated on these fuel cell electrodes. 
 
vi. The heart of PEMFCs is the MEAs. MEAs consists of PEM, catalyst layers, and 
GDLs. In this step, these components were sticked to each other by Nafion® 
solution as a binder, and pressed at adjusted pressure, and then cured at 70oC. 
Before MEA fabrication, commercial PEM was activated using concentrated 
HNO3. Pt supported on GNS, GO sheets and their nanocomposites was used as 
electrocatalyst for PEMFC cathodes to achieve the highest catalytic activity of Pt 
metals for oxygen reduction reaction in fuel cell applications. In addition, Pt 
deposited electrodes were used in both cathode and anode sides in order to 
compare the performance of fuel cells.  
 
vii. Electrodes have a significant influence on the operation of PEMFC since they can 
correctly balance transport processes of protons, electrons and gases. In addition, 
catalyst loading is another key parameter for the effective operation of PEMFC.  
 
Therefore, functionalized graphene sheets could potentially lead to a more stable, 
efficient, and lower-cost fuel cell. Especially graphene-based nanocomposites as 
fuel cell electrodes have a dramatic effect on fuel cell performance. We suggested 
that incorporation of few-layer graphene in composites as a catalyst support might 
enhance the surface area to volume ratio and increase the catalytic activity and 
reduce rare metal usage. At this stage, the prepared MEAs were tested in a single 
fuel cell and I-V polarization curves of Pt deposited GNS, GO sheets and their 







                              CHAPTER 4. EXPERIMETAL 
 
   4.1. Materials 
 
Graphite flake (Sigma–Aldrich); acetic anhydride (Merck, extra pure); sulfuric acid 
(H2SO4, MW: 98.08 g/mol, Fluka, purity 95–97%); potassium dichromate (K2Cr2O7, 
MW: 294.185 g/mol, Chempur, purity 99.9%); hydroquinone (C6H4(OH)2, MW: 110.1 
g/mol, Acros, purity 99%); sodium hydroxide (NaOH, MW: 39.99711 g/mol, Merck, 
purity 97%), pyrrole (C4H5N, MW: 67.09 g/mol, Merck, purity 98%), iron (III) chloride 
hexahyrdate (FeCl3.6H2O, MW: 270.3 g/mol, Aldrich, purity 97%). Nitrogen (N2, purity 
99.99%) and Argon (Ar, purity 99.99%) were received from Linde Gaz. The 
Nafion®212 membrane was purchased from fuelcellstore.com. Kish graphite was 
purchased from Graphene Supermarket. Kish graphite is crystal precipitated from 
molten iron, nearly ideal graphite. 
 
 
4.2. Reaction Set-up’s  
 
 
4.2.1. Chemical Vapor Deposition Set-up 
 
Expansion process was conducted by using conventional CVD set-up, Figure 4.1. 
There are four control parameters investigated during CVD experiments: furnace 
temperature, catalyst type, flow rate of gases, and nature of the sample. The photograph 








Figure 4.1. Schematic representation of CVD set-up. 
 
 
    
Figure 4.2.  A photograph of CVD set-up (1: Flow rate control panel, 2: Tube furnace, 










4.3. Material Synthesis 
 
 
4.3.1. Chemical Exfoliation of Graphene anosheets from Graphite 
 
 
4.3.1.1. Synthesis of Graphite Oxide  
 
 Graphite oxide (GO) was prepared according to the following method by using 
potassium dichromate as oxidant [118]. Using KMnO4 as oxidizing agent as used in 
other papers was thought to be very severe and there were risks of explosions when it is 
used together with H2SO4. Therefore, we used a milder oxidant, K2Cr2O7 to prevent 
such experimental dangers. K2Cr2O7 and H2SO4 were stirred in a flask in two different 
weight ratios as 0.6:6.2, 2.0:9.3 and 2.1:55. For the second set, 1.5 mL distilled water 
was also added to prepare chromic acid. In both cases, flake graphite (1.0 g) was added 
to flask and the mixture was stirred gently. Then, acetic anhydride (1.0 g) used as an 
intercalating agent was slowly dropped into the solution. The solution was stirred at 
45oC for 50 min. GO obtained was filtered and neutralized with 0.1 M NaOH and 
washed with distilled water until washings were neutral. After washing, GO was dried 
in a vacuum oven at 80oC overnight. Experimental conditions for graphite oxidation are 
summarized in Table 4.1.  
 
Characteristic properties of GO sheets were tailored at different oxidation times as 
50 min, 6 hrs, 12 hrs, 24 hrs, 48 hrs, 72 hrs, 96 hrs, 120 hrs and 10 days [119]. 
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Table 4.1.  















1 1 1 6.2 0.6 
2 1 1 9.3 2.0 
3 1 1 55 2.1 
 
 
4.3.1.2. Ultrasonic Treatment of GO Sheets 
 
GO sheets were exfoliated into dispersed GO sheets in distilled water for 1 hr at 
room temperature via ultrasonic vibration. Alex table top ultrasonic cleaner (frequency: 
40 Hz) was used for ultrasonic treatment. 
 
 
4.3.1.3. Thermal Expansion of GO 
 
 GO was expanded by heating up to 900oC rapidly in a tube furnace and kept 
for 15 min at this temperature under an argon atmosphere. GO samples were also 
expanded at 1000oC and for 1 min and 5 min. Expanded GO was subjected to ultrasonic 
water bath for 1 hr for dispersion and then dried at 80oC in a vacuum oven overnight. 
 
 
4.3.1.4. Chemical Reduction 
 
Both sonicated GO and expanded GO samples were exfoliated and reduced by 
refluxing in hydroquinone and distilled water under N2 atmosphere for 1 day. The 
graphene-based sheets were separated by filtration and washed with methanol and water 
three times and, dried in a vacuum oven at 80oC overnight. On the other hand, 
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unexpanded GO samples were also chemically reduced to graphene-based nanosheets 
by following the same reduction procedure. 
 
General experimental procedures for the production of graphene nanosheets 














Figure 4.3. General experimental procedure for the production of GNS. 
 
 




of sonicated GO 
Expansion of sonicated GO 
at 1000 oC for 1 min 
Ultrasonic treatment 




Each step in chemical exfoliation of GNS was shown in Table 4.2. 
 
 
Table 4.2.  
Summary of chemical process steps for the exfoliation of GNS 
Treatment conditions 
Oxidation Graphite flake, concentrated sulfuric acid, K2Cr2O7, acetic anhydride 
Sonication 1 hr at room temperature 
Expansion Performed in a tube furnace under Ar atmosphere 
Reduction • m(GO sheets): m( hydroquinone)= 0.036:1 
• solvent=distilled water 




Experimental conditions for the exfoliation of GNS were adjusted by changing 
oxidation time, the amount of intercalating agent, expansion time and expansion 
temperature in order to tailor the characteristic properties of GO sheets and GNS. All 
experiments were summarized in Table 4.3. In each experiment, the conditions for the 
sonication and reduction processes were kept same shown in Table 4.2.  
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Table 4.3.  
Summary of experimental conditions for the exfoliation of GNS 
Experiment Oxidation & Reaction 
time 
Sonication Expansion time 
& Temperature 
Reduction 
I 1 g acetic anhydride,  





900°C, 15 min   SAME 
CONDITIONS 
II 1 g acetic anhydride,  





1000°C, 5 min  SAME 
CONDITIONS 
III 5 g acetic anhydride,  





1000°C, 5 min  SAME 
CONDITIONS 
IV 1 g acetic anhydride,  
30 mL H2SO4,  
2.1 gr K2Cr2O7 
6, 12, 24, 48, 72, 96, 
120 hrs and 10 days  
SAME 
CONDITIONS 




4.3.2. Synthesis of Graphene-based anocomposites 
 
 
4.3.2.1. Synthesis of Polypyrrole 
 
Pristine polypyrrole (PPy) was synthesized by using pyrrole (Py, 0.0447 mol) as 
the monomer and FeCl3 (0.107 mol) as the oxidant in the mixture of H2O and ethanol in 
1:1 (v/v) under N2 atmosphere [14].  The Fe3+/Py molar ratio was adjusted as 2.4 [120]. 
At the beginning, the reaction mixture was placed in an ice bath about 1 hr to prevent a 
sudden heating. Then, the mixture was stirred at room temperature for 24 hrs. PPy was 
filtrated by washing with ethanol and distilled water three times. Polymer was dried in a 







4.3.2.2. Synthesis of PPy/GO anocomposites 
 
PPy was coated on GO sheets by in situ polymerization of Py at room temperature 
under N2 atmosphere for 24 hrs. The precipitated sample was filtered and rinsed several 
times by ethanol and distilled water to remove excess Py, catalyst and side products. 
The black powder was dried under vacuum at 60oC for 24 hrs. During PPy synthesis, 
the Fe3+/Py molar ratio was adjusted as 2.4 [120]. The feeding mass ratios of Py and GO 
sheets were 1:1, 2:1 and 1:3. 
 
 
4.3.2.3. Synthesis of PPy/Expanded GO Composites 
 
Firstly, GO sheets were expanded by heating up to 1000ºC rapidly in a tube 
furnace and kept for 1 min at this temperature under an argon atmosphere. Then, PPy 
was coated on expanded GO sheets by in situ polymerization of Py at room temperature 
under N2 atmosphere for 24 hrs. Before polymerization, expanded GO and Py monomer 
in adjusted weight fractions were exposed to ultrasonic vibration for 2 hrs in order to 
diffuse Py monomer through GO layers. Ultrasonic treatment also provided to break 
expanded GO apart into thinner graphite nanoplatelets (GNPs) [41]. FeCl3 was used as a 
catalyst and the Fe3+/Py molar ratio was adjusted as 2.4 [120]. The feeding mass ratios 
of Py and expanded GO were 1:1, 2:1, 4:1, 1:2 and 1:3. The resulted powder was 
filtered and washed several times by ethanol and distilled water. All samples were dried 
in oven at 60oC for 24 hrs.  
 
 
4.3.2.4. Synthesis of PPy/Graphene anosheet anocomposites 
 
After the sonication and reduction of GO sheets, GNS were received. PPy was 
coated layer-by-layer on the surface of GNS in the feeding mass ratios of Py and GNS 
as 1:1. Then, purification and filtration processes by ethanol and distilled water were 





4.3.3. Platinum anoparticle Deposition on anocomposites 
 
Pt deposition on the surface of nanocomposites was conducted by applying three 
different deposition methods including direct and sonication techniques. The deposition 
conditions were summarized in Table 4.4. In the 1st method, samples were exposed to 
ultrasonic vibration about 1 hr for the homogeneous dispersion of sheets and 10 mM 
H2PtCl6 solution was added into mixture and sonication process was performed about 
30 min for the diffusion of catalyst into layers. The mixture was put on the magnetic 
stirrer and 1 M NaBH4 as a reducing agent was poured. In the 2nd method, samples were 
dispersed in distilled water by ultrasonic treatment about 10 min, then both H2PtCl6 
solution and 1 M NaBH4 were added into mixture simultaneously and sonicated about 1 
hr. Then, mixture was placed onto the magnetic stirrer about 24 hrs. However, in the 3rd 
method, whole reaction was conducted in ultrasonic bath and the deposition time was 
adjusted to 2 hrs. In addition, 1st and 2nd methods were performed under vacuum 
filtration but for the 3rd method, filtration was conducted using syringe filters.  
 
All deposition reactions were performed at room temperature. Moreover, the 
effect of sonication process on the dispersion of Pt particles on the surfaces was 
observed by comparing the methods.  
 
Table 4.4.  
Experimental conditions of Pt deposition techniques on the surface of samples 
 








1 1.5 hr sonication and  
24 hr direct synthesis 
0.5 g 10 mM-  
5 mL 
 
5 mL 5 mL 
2 1 hr 10 min sonication and  
24 hr direct synthesis 
0.05 g 8% solution- 
0.5 mL 
 
5 mL  10 mL 
3  2 hr sonication  0.05 g 8% solution- 
0.5 mL  





4.3.4. Fabrication of Electrodes 
 
Powder samples, GO sheets, GNS, their composites, (0.05 g) were mixed with 
10% Nafion® solution (1 mL) using as a binder in deionized water (5 mL) under 
ultrasonic treatment at room temperature for 30 min. Nafion®212 membrane was 
employed as the base surface and the mixture was poured onto Nafion®212 membrane 
in order to prepare homogeneously dispersed and thin film. Then, the electrodes were 
peeled off easily in the film form from Nafion® surface. Thin films were obtained after 
keeping in oven at 70oC overnight. Pt deposition on these films under sonication 
process about 2 hrs by using 10 mM H2PtCl6 as the Pt precursor and 1 M NaBH4 was 
used as the reducing agent.  
 
 
4.3.5. Fuel Cell Performance Test 
 
 
4.3.5.1. Membrane Electrode Assembly Fabrication  
 
Membrane Electrode Assembly (MEA) is a sandwiched structure of a Nafion® 
membrane between an anode and a cathode. MEAs were prepared either by Pt deposited 
graphene based electrode as a cathode and an anode or by Pt deposited graphene based 
electrode as a cathode and commercial carbon cloth electrode (0.6 Pt g/cm3) as an 
anode. Nafion®212 (DuPont) was treated for 1 hr in a 1:1 (vol/vol) solution of 
concentrated HNO3 (65%) in distilled water at 90oC to protonate all exchange sites and 
remove organic contaminants [72]. Then, nafion membranes were rinsed by deionized 
water several times and swelled in water at 90oC for 1 hr. All swollen membranes were 
stored in deionized water until used. Swollen Nafion®212 membranes were combined 
with Pt deposited electrodes by brushing 10% Nafion® solution on the surface of 
electrodes to form MEAs. These MEAs were cured at 70oC in oven. The MEAs were 






4.3.5.2. Fuel Cell Testing 
 
The cells were operated in counter flow mode at a temperature of 60oC, using H2 
humidified to 60oC in a bubbler and dry O2 as reactants. In situ characterization of the 
MEAs was performed by means of polarization experiments [72]. Figure 4.4 and Figure 
4.5 showed photographs of fuel cell test machine and single fuel cell. Fuel cell tests 
have been carried out at both UNIDO-ICHET and Sabancı University (Green Light G50 




Figure 4.4. A photograph of fuel cell test station  
(Sabancı University, Green Light G50 Test Station) 






Figure 4.5. A photograph of single fuel cell. 
 
 
4.4. Characterization Techniques 
 
 
4.4.1. Scanning Electron Microscopy 
 
The morphologies of nanocomposites were examined by a Leo Supra 35VP Field 
Emission Scanning Electron Microscope (SEM). Elemental analysis was conducted by 
using Energy-Dispersive X-Ray (EDX) analyzing system. 
 
 
4.4.2. Atomic Force Microscopy 
 
The surface morphologies of nanocomposites were analyzed by Ambiant Atomic 




4.4.3. X-Ray Diffraction Analysis 
 
Powder X-ray diffraction (XRD) measurements of samples were performed with a 
Bruker AXS Advance Powder Diffractometer fitted with a Siemens X-ray gun, using 
Cu Kα radiation (λ = 1.5406 Å). The samples were swept from 2θ = 10° through to 90° 
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using default parameters of the program of the diffractometer that was equipped with 
Bruker AXS Diffrac PLUS software. The X-ray generator was set to 40 kV at 40 mA. 
The numbers of the layers of the samples were calculated by using the classical 
Debye-Scherer equations: 
002002 cos89.0 θβλ=aL   
002dLn a=     
 
where La is the stacking height; β is the full width half maxima (FWHM); n is the 
number of graphene layers; d002 interlayer spacing.  
 
 
4.4.4. Raman Spectroscopy 
 
Structural changes of samples were analyzed by Renishaw InVia Reflex Raman 
Microscopy System using (Renishaw Plc., New Mills, Wotton-under-Edge 
Gloucestershire, UK) using a 514 nm argon ion laser in the range of 100 to 3200 cm-1. 
         
 
4.4.5. Fourier Transform Infrared Spectroscopy 
 
Functional groups on the surface of samples were determined by a Nicolet iS10 
Fourier Transform Infrared Spectroscopy (FT-IR).  
 
 
4.4.6. Thermal Gravimetric Analyzer 
 
Thermal behaviors of the samples were investigated by NETZSCH Thermal 
Gravimetric Analyzer (TGA). TGA was used to measure the weight loss of the sample 
as a function of temperature under air atmosphere. The heating rate was 10 K/min to a 







4.4.7. Surface Area Measurement 
 
The surface areas of samples were measured by Quantachrome NOVA 2200e 
series Surface Analyzer. The determination was based on the measurements of the 
adsorption isotherms of nitrogen at 77 K. The specific surface areas were evaluated with 
the Brunauer–Emmett–Teller (BET) method in the P/P0 range of 0.05–0.35. All samples 
were outgassed for 24 hrs at 150°C. 
 
 
4.4.8. Four-probe Electrical Conductivity 
 
The electrical conductivities of nanocomposites in pellet forms were measured by 
a standard four-probe technique at room temperature.  
 
 
4.4.9. X-ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) measurements were performed using a 
Physical Electronics Quantum 2000 Scanning ESCA Microprobe. This system uses a 










CHAPTER 5. RESULTS AD DISCUSSIO 
 
5.1. Exfoliation of Graphene anosheets from Graphite 
 
Graphene nanosheets (GNS) were exfoliated by following two ways. 1st way, the 
shortest exfoliation technique, included graphite oxidation, ultrasonic treatment and 
chemical reduction. 2nd way, the longest exfoliation technique, contained these steps: 
graphite oxidation, ultrasonic treatment, thermal exfoliation, ultrasonic treatment and 
chemical reduction. Both the reaction procedures with thermal expansion and without 
thermal expansion led to the formation of GNS. Experimental procedures for the 




5.1.1. Graphite Oxide 
 
Graphite oxided (GO) sheets were obtained in the adjusted synthesis conditions 
using concentrated sulfuric acid and potassium dichromate as oxidizing agents, and 
acetic anhydride as an intercalating agent [3]. 
 
 
5.1.1.1. Scanning Electron Microscopy 
 
SEM image of the raw natural graphite contained sharp, rigid and compacted 
layers, Figure 5.1. Effect of amount of acid used in the oxidation reactions on the 
morphology of GO prepared was investigated also by SEM.  GO sheets became swollen 
after the treatment of graphite flakes according to the 1st experimental conditions (Table 
4.1), Figure 5.2. The oxidation process seemed to create expanded and leafy structures 




Figure 5.1. SEM image of raw graphite flake. 
 
 
Figure 5.2. SEM images (a) and (b) of GO at different sites. Graphite oxidation was 
conducted according to 1st experimental conditions in Table 4.1. 
 
SEM images of graphite samples treated according to the 3rd experimental 
conditions (Table 4.1) indicated that the layers were further swollen when using higher 
amount of sulfuric acid in the oxidation experiment, Figure 5.3. It appeared that higher 
sulfuric acid amount increased the effect of oxidation caused by the dichromate ions. 
With this amplified effect of oxidation, it was possible that more oxygen atoms were 
force to attach to graphite layers which resulted in a more loose structure compared to 
that of the rigid structure of raw graphite. 
 







Figure 5.3. SEM images (a) and (b) of GO at different sites. Graphite oxidation was 
conducted according to 3rd experimental conditions in Table 4.1. 
 
 
The influence of sulfuric acid concentration on graphite oxidation was examined 
by SEM characterization. During oxidation process, sulfuric acid was used as an 
inserting agent which caused swelling of the graphite oxide layers. When the acid 
amount was insufficient, complete oxidation could not be achieved. Three different 
experiments were performed in order to understand the acid effect on oxidation, Table 
4.1. Figure 5.4 (a) shows the graphite layers after the oxidation process conducted using 
low amount of sulfuric acid (9.3 g sulfuric acid/g of graphite) and the expansion of 
layers was not enough due to the low oxidation. However, when the acid concentration 
was increased (55 g sulfuric acid/g of graphite), a more loose structure formation and 








Figure 5.4. SEM images of GO (a) in low acid amount (oxidation process about 50 min 
using 2nd experimental conditions in Table 4.1) (b) in higher acid amount (oxidation 
process about 50 min using 3rd experimental conditions in Table 4.1) via secondary 
electron detector. 
 
Sonication of GO samples created more separated structures. Morphology of the 
sonicated GO samples exhibited expanded the layer structures and formed some tulle-
like translucent and crumpled GO sheets as presented by the SEM image in Figure 5.5. 
 
 
Figure 5.5. SEM image of GO (oxidation process using 1st experimental conditions in 
Table 4.1) after sonication for 1 hr at room temperature. 
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5.1.1.2. Oxidation of Different Graphite Samples 
 
Instead of natural graphite flake, kish graphite powder and kish graphite flakes 
were also oxidized by using concentrated sulfuric acid and K2Cr2O7. Kish graphite is 
formed by the precipitation of supersaturated carbon from molten iron. Kish graphite is 
also called synthetic single-crystal graphite.  
 
Kish graphite powder is a low-cost carbon material produced through the 
steelmaking process. SEM image of kish graphite powder showed in Figure 5.6. After 
120 hr oxidation process, the surface of graphite became porous and graphene sheets 
started to separate, Figure 5.7.  
 
Kish graphite flakes, mostly larger than natural graphite flakes, exhibit single 
crystal structure. Kish graphite flake has a rigid and condensed structure, Figure 5.8. 
After 120 hr oxidation process, thinner sheets started to separate from the graphite 
structure and tulle-like formation was observed, Figure 5.9. 
 
 




Figure 5.7. SEM image of oxidized kish graphite powder after 120 hr oxidation process 
 
Figure 5.8. SEM image of kish graphite flake. 
 





5.1.1.3. Oxidation by Available Chemical Techniques 
 
In order to compare our mild oxidation technique, graphite flakes were oxidized 
by applying available procedures. Graphite flakes (1 g) were immersed in HNO3-H2SO4 
mixture (v:v=1:3) and stirred at room temperature for 24 hrs [121].  SEM images of GO 
sheets exhibited the formation of cracks through layers due to highly oxidizing agents, 
Figure 5.10 (a) and (b). This oxidation procedure did not cause enough swelling through 
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Figure 5.10. SEM images (a), (b) and (c) of GO sheets obtained by using both HNO3 
and H2SO4 as oxidizing agents. 
 
 
5.1.2. Expanded GO 
 
Potassium dichromate oxidation of raw graphite created oxygenated polar 
structures on the surface of graphite layers after the cleavage of C-C bonds which 
facilitated the diffusion of acetic anhydride and oxygen into the layers. The oxidation 
step depends on the amount of sulfuric acid used in this reaction [118]. Heat treatment 
of such treated samples led to the thermal decomposition of acetic anhydride into CO2 
and H2O vapor which further swelled the layered graphitic structure.  SEM images of 
the GO samples (prepared regarding to 1st experiment in Table 4.1) that expanded 
during heating under an argon atmosphere at 900oC for 15 min in a tube furnace are 
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Figure 5.11. SEM images (a) and (b) of expanded GO obtained at 900oC for 15 min 
expansion.  
The heat treatment process caused the expansion of graphitic crystal lattice, and 
further separated the tulle-like GO sheets as it was the case after the sonication step. The 
tulle-like GO sheets were even more easily observable after the 15 min-heat treatment. 
GO samples obtained after 2nd experiment (Table 4.1) were also expanded at 1000oC for 
5 min and the layers became wavy but the tulle-like layers of this sample could not be 
easily observed, Figure 5.12 (a) and (b). This might have stemmed from the short of 
heat treatment period that could not initiate the separation of the tulle-like GO sheets.  
 
 









Sonications of thermally expanded GO samples produced smoother and wider 
tulle-like GO sheets, Figure 5.13 (a) and (b). Some unexfoliated graphitic layers were 
observable through semi-transparent GO sheets separated in this work, Figure 5.13 (a). 
 
 
Figure 5.13. SEM images (a) and (b) of expanded GO (prepared using 1st experimental 
conditions in Table 4.1) obtained at 900oC for 15 min expansion after sonication for 1 hr 
at room temperature.  
 
The effect of intercalating agent on the formation of GNS was analyzed by 
Raman characterization. In oxidation process, two different amounts of acetic anhydride 
were added as 1 g and 5 g, respectively. In Figure 5.14, the characteristic D and G peaks 
of samples can be seen clearly. ID/IG ratio change indicated that as the amount of 
intercalating agent increased, structure of expanded GO sheets became similar to 
graphite (Table 5.1). 
(a) 
 2 µm 
semi-transparent GO sheet 
(b) 
 2 µm 
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Figure 5.14. Raman spectra of pristine graphite, expanded GO-1 (1 g acetic anhydride) 
and expanded GO-2 (5 g acetic anhydride). 
 
Table 5.1.  
ID/IG comparison of pristine graphite, expanded GO-1 (1 g acetic anhydride) and 
expanded GO-2 (5 g acetic anhydride) 
Samples ID/IG 
Pristine graphite 0.22 
Expanded GO-1 (1 g acetic anhydride) 0.11 










5.1.3. Reduction of GO and Expanded GO Samples into Graphene-based 
anosheets 
 
Both GO and expanded GO samples were chemically reduced through refluxing 
with hydroquinone in water to produce GNS. During this reaction, it is known that 
hydroquinone loses either one H+ ion from one of its hydroxyls to form a 
monophenolate ion or two H+ ions from both hydroxyls to form a diphenolate ion called 
as quinine [122]. Reflux solution became yellowish during reduction by hydroquinone. 
The solid product was separated by filtration at the end of the experiment, washed with 
water, methanol and dried.  
 
SEM images of graphene-based nanosheets obtained after the 50 min oxidation 
and chemical reduction processes are presented in Figure 5.15. Ruffled appearance of 
tulle-like graphene-based sheets was very easily observable in these images. 
Investigation of all regions of the reduced samples by SEM revealed that the 
experimental procedure was successful and yielded exfoliated graphene-based sheets.  
 
 
Figure 5.15. SEM images (a) and (b) of GNS obtained after the 50 min oxidation and 
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SEM images of the samples obtained using either of the two routes in the scheme 
in Figure 4.3, indicated that GNS could be obtained after the reduction process, Figure 
5.16 (a) and (b). The wrinkled appearance of sheets was due to the rapid heating of GO 
because its expansion and delamination brought about rapid evaporation of intercalants 
(acetic anhydride and sulfuric acid) into CO2 and H2O vapor produced by thermal 
pyrolysis of the oxygen-containing functional groups [123]. GNS could also be 
separated using a method without the thermal expansion step in the chemical reduction 
of GO samples which were obtained after 120 hr oxidation in Figure 5.17. Graphene 
sheets made of a few graphene layers could be clearly seen in Figure 5.17 (b). 
Consequently, both the reaction procedures with thermal expansion and without thermal 
expansion led to the formation of GNS. Therefore, the process time could be reduced by 




Figure 5.16. SEM images via inlens detector (a) and (b) of GNS obtained after thermal 
expansion and reduction process at different magnifications.  
 
(a) (b) 
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Figure 5.17. SEM images via inlens detector (a) and (b) of GNS received by direct 
reduction after 120 hr oxidation period. 
 
 
5.1.4. Structural Analysis of Each Step of Exfoliation Process by XRD 
 
XRD patterns of raw graphite, GO, expanded GO and graphene-based nanosheets 
are presented in Figures 5.18-21. The XRD pattern of raw graphite sample contained a 
very sharp and high intensity 002 peak near 2θ=26.5° and 004 peak near 2θ=54.5° 
(Figure 5.18). XRD pattern of GO which was obtained by using 1st oxidation conditions 
in Table 4.1 contained a wide peak at 2θ=25.7° and a shoulder at near 2θ = 28.8o, 
Figure 5.19 (a). Jihui-Li et al. [124] also observed a similar diffraction pattern and a 
shoulder at 28 degrees in the XRD pattern for graphite intercalated compound (GIC). 
The reason that this shoulder was observed at 28 degrees was due to the intercalating 
agent used in the present work as it was also in the work of Jihui-Li et al. [124]. Also, 
XRD pattern of GO which was obtained by using 3rd oxidation conditions in Table 4.1 
contained a sharper and shifted shoulder at around 2θ=30o likely due to increase in the 
amount of oxidant between the layers, Figure 5.19 (b). 
 
Due to oxidation, the crystal nature of the raw graphite was changed and 
occurrence of a broad 001 peak near 2θ=14°, and a relatively wider and very low 
intensity 002 peak near 2θ=27.5° were observed in the XRD pattern of expanded GO, 
Figure 5.20. Chemical reduction restored the crystal structure again in graphene-based 
(a) (b) 
 2 µm  1 µm 
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nanosheets by removing the effect of oxidation observed in the expanded GO sample; a 
sharp and high intensity 002 peak near 2θ=26.5° was observed in the XRD pattern of 
the graphene-based nanosheets and the 001 peak near 2θ=13-14° owing to oxidation of 
graphite was barely detected in the diffractrogram, Figure 5.21. 
 
Average number of graphene layers calculated using Debye-Scherrer equation is 
presented in Table 5.2 and 5.3. Debye-Scherrer equation was also used previously by 
Sakintuna and Yürüm [125] in the x-ray diffraction analysis of crystallites produced 
during the carbonization of Turkish lignite. Gurudatt and Tripathi [126] claimed that 
stacking height and lateral size of the crystallites calculated by Debye-Scherrer equation 
were not actually equal to the exact height and the size but in fact gave convenient 
relative estimates of actual stacking height and lateral size of the crystallites produced in 
the carbonization and this can also be assumed correct for the graphene structures. The 
graphene structures produced in the present work were not flat and therefore the values 
obtained by Debye-Scherrer equation were reasonable estimates that described the 
situation. 
 
Average number of layers calculated for raw graphite, GO, expanded GO and 
graphene-based nanosheet samples were 86, 14, 56, and 44, respectively (Table 5.2). 
The increase of layer numbers from 14 to 56 after the expansion process was the result 
of stacking of the layers due to the removal of acetic anhydride group that intercalated 
the graphene planes and the decrease in interplanar spacing (near to pristine graphite 
value). Sonication process was not applied to these samples to discriminate the effect of 
dispersion on the layer numbers. On the other hand, the average number of layers for 
raw graphite, sonicated graphite, GO, sonicated GO and graphene-based nanosheets 
were calculated as 86, 79, 17, 12 and 9 (Table 5.3). The stepwise chemical procedure 
used in the present report indicated that the average number of graphene layers reduced 
steadily from raw graphite to graphene-nanosheet samples. Change of interplanar 
spacings also explained how each step in the proposed procedure affected the 
morphology of graphite. In the oxidation step, the interplanar spacing increased by the 
introduction of oxygen groups between the graphene layers in raw graphite. Sonication 
process after each step decreased the number of layers. The mild procedure applied was 
capable of reducing the average number of graphene sheets from 86 in the raw graphite 
to 9 in graphene-based nanosheets. When comparing the values in Table 5.2 and      
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Table 5.3, results indicated that the expansion step in the procedure has potential 
drawback due to the increase of the layer number in graphitic structure. Application of 
more severe chemical methods might reduce the number of graphene layers further.  
  
Table 5.2.  
Number of layers and interplanar spacing (d) of samples from XRD characterization 
results (oxidation process using 1st experimental conditions in Table 4.1).  
Samples 
Average number of 
layers 
d (Å) 
Graphite flake 86 3.37 
GO 14 3.46 
Expanded GO 56 3.36 
Graphene-based nanosheets 44 3.39 
 
Table 5.3.  
Effect of sonication on the number of layers and interplanar spacings (d) of samples 
from XRD characterization results (oxidation process using 3rd experimental conditions 
in Table 4.1).  
Samples Average number of layers d (Å) 
Graphite flake 86 3.37 
Sonicated graphite flake 79 3.35 
GO  17 3.61 
Sonicated GO 12 3.64 




           
                                 Figure 5.18. XRD pattern of raw graphite. 
 
 
Figure 5.19. XRD patterns of (a) GO (Oxidation process was conducted by using 1st 
experimental condition in Table 4.1) and (b) GO (Oxidation process was conducted by 
using 3rd experimental condition in Table 4.1). 
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5.1.5. Raman Spectroscopy Characterization of Each Step of Exfoliation Process 
 
Raman spectroscopy is a quick and accurate technique to determine the number of 
graphene layers and the change of crystal structure of the materials after chemical 
treatments [54]. There are four remarkable peaks in the Raman spectrum of graphite 
which are the G line around 1580 cm-1, the G' line (the overtone of the G line) around 
3248 cm-1, the D line around 1360 cm-1 and the D' line (the overtone of the D line) 
around 2700 cm-1. The intensity of the D line depends on the amount of the disorderness 
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of the graphitic materials and its position shifts regarding to incident laser excitation 
energies [54].  
 
A strong G line at 1580 cm-1, a weak D line at 1360 cm-1 and a broad D' line at 
2724 cm-1 were seen in the Raman spectrum of raw graphite, Figure 5.22. After 
oxidation process, G line of GO sample was broadened and the intensity of D line was 
increased due to the reduction in the thickness of the graphitic structure, Figure 5.23. In 
the Raman spectrum of reduced GO, the G line was broadened and shifted to 1600 cm-1, 
Figure 5.24. In addition, an increased intensity of the D line around 1355 cm-1 indicated 
the considerable reduction in size of the in-plane sp2 domains owing to oxidation and 
sonication processes, and the formation of GNS having highly oriented crystal structure. 
In the Raman spectrum of graphene-based nanosheets obtained after chemical reduction 
of expanded GO, the intensity of the D line around 1356 cm-1 decreased considerably as 
a result of an increase of the graphitic domain sizes and an increase of the thickness of 
graphitic structure after thermal treatment, Figure 5.25. This increase could also be seen 
by the increase in the number of average graphene layers after thermal treatment that 
was calculated from XRD patterns by using Debye-Scherrer equation as observed in 
Table 5.2.  
 
For the comparison of the structural changes after the chemical treatments, 
another critical factor was the disorder amount. As the structure changes from graphite 
to nanocrystalline graphite, the ratio between the intensity of D and G line, ID/IG, 
changes inversely with the size of the crystalline grains or interdefect distance [57]. 
ID/IG values for graphite, GO, reduced GO and reduced expanded GO were calculated as 
0.2, 0.3, 1.0 and 0.6, respectively. The highest ID/IG ratio of reduced GO sample was 
evidence for the structure with highest order.  
 
When the layer number is smaller than 5, the D' peak becomes more intense than 
G peak [127]. The increase in the ratio between the intensity of G and D' peak, IG/ID', 
indicated an increase in the number of graphene layers. IG/ID' values for graphite, GO, 
reduced GO and reduced expanded GO were estimated as 1.5, 1.6, 2.1 and 1.8, 
respectively. The highest IG/ID' ratio of reduced GO sample demonstrated the largest 































5.2. The Effect of Oxidation Process on the Characteristics of Graphene 
anosheets and GO sheets 
 
 
With the appropriate surface treatments, single graphene sheets can be separated 
from the graphite material and the layer-to-layer distance can be extended. There are 
numerous old methods for the graphite modifications to reduce the number of graphene 
layers in graphitic structure. One of the applicable methods is the graphite oxidation in 
order to reduce the strong bonding between sheets in graphite and to receive monolayer 
graphene sheet. 
 
As the oxidation time was increased, the strong bonding between graphene layers 
in graphite was reduced and graphene layers started to exfoliate forming clusters with a 
few number of graphene layers. The variations in interplanar spacings, layer number 
and percent crystallinity indicated how stepwise chemical procedure influenced the 
morphology of graphite. It was possible to produce relatively flat graphene clusters with 
definite number of layers by controlling the oxidation time.  
 
 
5.2.1. SEM Characterization 
 
GO sheets started to exfoliate at longer reaction times. After 6 hrs of oxidation 
process, graphite started to crumble forming randomly stacked irregular structures, 
Figure 5.26 (a). As the oxidation time increased from 6 hrs to 96 hrs, graphite layers 
were damaged much more and layers in the graphitic structure were further swelled, 
Figure 5.26 (b). 120 hrs of oxidation caused GO sheets to separate from graphitic layers 





Figure 5.26. SEM images via secondary electron detector of GO after (a) 6 hr,           











5.2.2. AFM Characterization 
 
AFM was used for the measurement of sheet thickness and the surface 
morphology. All AFM experiments were performed in tapping mode using a silicon 
cantilever probe. 3D views of samples produced evidence for the reactions that occurred 
in each step of the process (Figure 5.27). 3D surface topography of pristine graphite 
flakes indicated smooth and flat morphology, Figure 5.27 (a). However, after oxidation 
process, intercalating compounds diffused between the graphene layers caused wavy 
and swelled structure as it was observed in Figure 5.27 (b). Also, the functional groups 
(epoxide, carbonyl, quinone, ketone, and hydroxyl) on the basal plane of GO caused 
corrugation or local “puckering” of the carbon skeleton [128]. After direct reduction of 
GO sheets, surface topography of the sheet became rigid and flat in Figure 5.27 (c).  
 
On the other hand, after heat treatment the layers appeared as a loose worm-like 
material, Figure 5.27 (d). The formation of this appearance stemmed from the gas 
evolution between layers during thermal shock. Reduction of expanded GO induced the 
flattening of the sheets, Figure 5.27 (e) but still the thickness was not identical because 
oxidation process was not uniform throughout the sample.    
 
AFM measurements showed that layers were flattened and the height difference 
on the surface decreased after chemical reduction. AFM measurements supported the 
SEM results of the samples obtained after ultrasonic vibration and chemical reduction, 










Figure 5.27. 3D AFM images by tapping mode of (a) pristine graphite flake,               
(b) GO sheet obtained after 72 hr oxidation, (c) GNS after direct reduction of GO,                     










5.2.3. Raman Spectroscopy Characterization 
 
Raman spectroscopy is an efficient technique to establish the number of graphene 
layers and the change of crystal structure of carbon materials.  Raman spectrum of 
graphite has four principal peaks: the G band around 1580 cm-1, the G' band around 
3248 cm-1, the D band around 1360 cm-1 and the D' band around 2700 cm-1. The 
intensity of D band relies on any kind of disorder of defects in sample, and G band 
intensity increases almost linearly as the flake thickness increases [129].  In Figure 5.28 
(a), a strong G band at 1580 cm-1, a weak D band at 1360 cm-1 and a broad D' band at 
2724 cm-1 were observed in the Raman spectrum of raw graphite. After 6 hr oxidation 
process, G band of GO sample was broadened and the intensity of D band was increased 
due to the significant reduction in size of the in-plane sp2 domains, Figure 5.28 (b). 
During oxidation reactions, diffusing oxygen species randomly attached through the 
layers and thus graphite lattice was destroyed. After thermal shock, the strong G band 
with a weak D band and broad D' band was detected in Figure 5.28 (c). The broad D' 
multi-band peaks observed at ~2700 cm-1 are compatible with  multi-layer aspect of 
bulk graphite [55]. Then, thermally exfoliated GO was subjected to a chemical 
reduction, D band around 1350 cm-1 disappeared due to the defect-free graphene 
nanosheet formation, Figure 5.28 (d). Additionally, direct reduction of GO sheets led to 
a decrease in the G band intensity (lowering from 2002 a.u. to 815 a.u.) which indicated 
a reduction in the number of layers when compared to GO, Figure 5.28 (e).   
 
The structural change from graphite to GNS could be observed by the intensity 
ratio of the D and G bands, ID/IG. This ratio varied inversely with the size of the 
crystalline grains or interdefect distance and this was also used to estimate the amount 
of defects [57]. In Figure 5.29 (a), ID/IG values decreased via an increase of oxidation 
time and this indicated an increase of order in structure. D band intensity decreased with 
increasing layer numbers. D' band became more prominent than G band if only the 
number of graphene layers were smaller than 5 [127]. Subsequently, layer number could 
be determined regarding to the intensity of G band. Figure 5.29 (b) exhibited that the 
ratio between the intensity of G and D' peak, IG/ID', raised with increasing oxidation 
time. The gradual increase in the values of IG/ID' ratio indicated an increase of layer 
number in the structure. 
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Raman spectroscopy characterization was also used for the reduced GO and 
reduced expanded GO samples. After the chemical reduction of both GO and expanded 
GO sheets, IG/ID' decreased by increasing oxidation time which denoted reduction in the 
number of graphene layers as shown in Figure 5.30 (a) and (b). Therefore, stacking 
height of graphene sheets decreased as oxidation degree increased. 
 
 
Figure 5.28. Raman spectra of (a) graphite, (b) GO, (c) expanded GO, (d) reduced 
expanded GO (GNS), and (e) reduced GO (GNS) samples belonging to the 




Figure 5.29.  According to Raman Spectroscopy results of GO sheets, graphs (a) ID/IG 
and (b) IG/ID' as a function of oxidation time. 
 
  
Figure 5.30. IG/ID' as a function of oxidation time of (a) reduced GO (GNS) and         










5.2.4. Thermal Analysis by TGA  
 
The thermal behaviour of pristine graphite flakes, GO obtained after 6 hrs of 
oxidation, and GNS obtained after direct reduction were analyzed by TGA in both dry 
air and N2 atmospheres. Pristine graphite flake started to lose weight around 750oC due 
to the carbon dioxide evolution, Figure 5.31 (a). The thermal decomposition of GO 
sheets under dry air occurred in two steps around 300oC and 550oC due to the removal 
of oxygen functional groups and carbon oxidation [130]. GNS exhibited a weight loss at 
about 240oC. Thermal analysis under dry air indicated that GNS decomposed thermally 
at lower temperatures when compared to pristine graphite flakes.   
 
Figure 5.31 (b) also supported thermally unstable behaviour of GO samples under 
a nitrogen atmosphere. Graphene nanosheet samples seemed to decompose considerably 
at higher temperatures when compared with GO samples. Furthermore, the percentage 
of weight loss of GO sample was about 40% after thermal treatment under a nitrogen 
atmosphere, while no weight loss was observed in graphite and GNS samples. 
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Figure 5.31. TGA curves for pristine graphite flake, GNS and GO-6 hr (a) under a dry 






5.2.5. Calculation of the Average umber of Graphene Layers 
 
For the calculation of the average number of graphene layers in treated graphite 
samples two methods were proposed. The first way is the application of Debye-Scherrer 
equations [125]:  
002002 cos89.0 θβλ=aL   
002dLn a=   
   
where La (stacking height), β (FWHM), n (number of graphene layers), d002 (interlayer 
spacing) were obtained by using the data from XRD patterns.  
 
In the second method, for the determination of the stacking height AFM 
micropgraphs of the samples were used. The average stacking height, La, determined 
from AFM measurements obtained from different zones of the surface of the sample 
was divided into interplanar spacing, d002, obtained from XRD patterns and thus the 
number of the graphene layers was calculated. Stacking height and lateral size of the 
crystallites computed by Debye–Scherrer equation were approximate values due to 
wavy structure of graphene sheets.  
 
Comparison of these two methods was exhibited in Table 5.4. The average 
number of layers for pristine graphite flake, GO, expanded GO, reduced expanded GO 
(GNS) and reduced GO (GNS) were calculated as 86, 79, 30, 37 and 9 via XRD 
characterization [3], and 89, 17, 25, 17 and 11 via AFM characterization, respectively. 
When looking the layer number results obtained either by XRD or by AFM 
characterization techniques, there were small deviations. This proved that both two 
techniques supported each other to calculate average number of layers and the average 
number of graphene layers decreased steadily from pristine graphite flake to GNS 
samples by applying proposed chemical routes.  The variations of interplanar spacings 
also clarified how stepwise chemical procedure influenced the morphology of graphite. 
Intercalation of acetic anhydride into the crystal structure of graphite during oxidation 
increased the interplanar spacing of graphite from 3.37 Å to 3.61 Å. Expansion process 
initiated the formation of “worm-like” or accordion structure. However, this structure is 
flexible and can be cut into different shapes and compressed [131]. Therefore, the 
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interplanar spacing of expanded GO is lower than that of GO because graphite layers 
can also be easily restacked during characterization. Increase in the average number of 
graphene layers after thermal expansion was thus also explained by Raman 
Spectroscopy characterization results which revealed a return to the graphitic structure 
with the thermal treatment.   
 
Table 5.4. 
Comparison of layer number with XRD and AFM techniques 
Samples d (Å) Average umber of 
layers (XRD) 
Average umber 
of layers  (AFM) 
Graphite flake 3.37 86 89 
GO-50 min 3.61 17 17 
Expanded GO 3.36 30 25 
Reduced Expanded GO 
(GNS) 
3.38 37 17 
Reduced GO 
(GNS) 
3.62 9 11 
 
 
5.2.6. Crystallinity Analysis via XRD 
 
 
XRD data was employed to characterize the percent crystallinities of modified 
graphitic structures at different oxidation times. The area of (002) peak of 1 g pristine 
graphite was accepted as reference data. The area of the same peak in diffractograms of 
the samples will give the amount of the graphite (g) present in the samples. The ratio of 
the area of (002) peak in the treated samples to the area of the (002) peak of 1 g pristine 
graphite gave the ratio of the graphite (crystallinity) present in the sample.   
 
Table 5.5 shows the XRD data analysis for the calculation of percent crystallinity. 
As seen in Table 5.5, FWHM values of the (002) XRD peak are considerably larger for 


















Graphite 169814 0.327 50944 - 100 
GO-50 min 761 1.294 647 26415 2.5 
GO-6 hr 574 1.151 603 18803 3.2 
GO-12 hr 378 1.501 397 20688 1.9 
GO-24 hr 780 1.631 1092 11811 9.3 
GO-48 hr 556 1.876 584 9831 5.9 
GO-72 hr 431 1.664 410 9831 4.2 
 
Assume that the graphite flake is nearly 100% crystalline, chemical process 
induced the change in the structure from crystalline to amorphous.  GO samples became 
amorphous and the percent crystallinity decreased down to nearly 2%.  However, there 
was no gradual decrease in percent crystallinity regarding to oxidation times, Figure 
5.32. This disorder in percent crystallinity values stemmed from the change of stacking 
order between graphene layers and the random destruction of graphitic structure after 
oxidation process. Furthermore, turbostratic random ordering of GO structure obtained 
after the acid exposure at different hours may affect the crystallinity [128]. 
 
 
Figure 5.32. Crystallinity behaviour of GO samples at different oxidation times. 
 96 
 
5.3.     Layer-by-Layer Polypyrrole Coated GO and Graphene anosheets 
 
 
5.3.1.   SEM Characterization 
 
Polypyrrole (PPy) synthesized by oxidation of the monomer with FeCl3 had a 
form of fine black powder. SEM image of pristine PPy contained irregular sphere-like 
particles of PPy, Figure 5.33. Oxidizing agents and monomer concentration have a 
considerable influence on the formation of the PPy morphology (the sphere-like, the 
ribbon-like, the wire-like) during polymerization [132]. Also, pure PPy is brittle, 
insoluble and infusible, and hence not processable. 
 
 
Figure 5.33. SEM images (a) and (b) of pristine PPy at different magnifications. 
 
Smooth and rigid GO layers were seen in Figure 5.34 (a). After PPy coating, 
laminated structure of GO sheets was observed clearly in SEM image, Figure 5.34 (b). 
Py monomer dispersed into the layers of GO and all layers were covered by PPy after 
oxidative polymerization. Also, acetic anhydride used as an intercalating agent during 
oxidation extended the layer distance in graphite and thus provided good dispersion of 
PPy through GO layers during polymerization. 




Figure 5.34. SEM images of (a) GO sheets and (b) PPy coated GO sheets (the ratio by 
weight between Py and GO sheets as 1:1). 
 
GO sheets were dispersed via ultrasonic treatment and then dispersed sheets were 
reduced by hydroquinone [3]. Separated GNS obtained by chemical reduction are 
presented in Figure 5.35 (a). Py intercalated into GNS during in situ polymerization and 
polymerized on GNS layer-by-layer. Uniformly layer coating of PPy/graphene 
nanosheet composites and spherical morphology of PPy nanoparticles on sheets were 
seen clearly in Figure 5.35 (b). 
 
 
Figure 5.35. SEM images of (a) GNS obtained after chemical reduction of GO sheets 
and (b) PPy/graphene nanosheet composites (the ratio by weight between Py and GNS 
as 1:1). 







5.3.2.   XRD Characterization 
 
XRD patterns of pristine PPy, GO sheets, Py:GO sheets=1:1 and Py:GO 
sheets=2:1 were presented in Figure 5.36. The results indicated that PPy had an 
amorphous structure. Graphite flakes were partially oxidized in the adjusted synthesis 
conditions using concentrated sulfuric acid, potassium dichromate, and acetic anhydride 
[3]. XRD pattern of GO sheets showed low intensity of 002 diffraction peak at 
2θ=26.5o. Longer oxidation time led to decrease in the intensity of 002 peak, enhanced 
the interlayer spacing between graphene sheets and switched the carbon backbone from 
sp2 to sp3 structure [133]. After covering of GO sheets by PPy with different feeding 
ratios, 002 peak intensity decreased and the peak was broadened. The intensity of 002 
peak of Py:GO sheets=1:1 decreased down to 53 cps. The intensity of 002 peak of 
Py:GO sheets=2:1 was down to 40 cps. The structure of nanocomposites became more 
amorphous by increasing PPy content.  
 





XRD data were also used to measure the percent crystallinities of GO sheets, 
PPy/GO nanocomposites, Figure 5.37. The area of (002) peak of 1 g pristine graphite 
was accepted as reference data and graphite flake was assumed as 100% crystalline. 
Also, PPy had an amorphous structure. After 10 days of oxidation, the percent 
crystallinity of GO sheets decreased down to nearly 1.8%. After coating on GO surface 
by PPy (Py/GO sheet weight ratio: 1/1), the percent crystallinity of new materials 
decreased down to ~0.6%. Increasing the weight of Py in nanocomposites, the percent 
crystallinity became much lower. Accordingly, highly ordered substrates provide strong 
metal-support interaction and reduce self-poisoning [95]. As the amount of GO sheets in 
nanocomposites increases, crystallinity increases and thus Pt particles can be easily 
deposited on well-ordered graphene oxide sheets.  
 
 
Figure 5.37. Percent crystallinity changes of GO sheets and PPy/GO nanocomposites.  
 
 
5.3.3.   Raman Spectroscopy Characterization 
 
In Raman spectrum, D band intensity changes with defects and disorder in 
sample, and G band intensity increases linearly by increasing flake thickness [129]. The 
Raman spectrum of pristine PPy demonstrated the two bands at around 1380 cm−1       
(D band) and 1561 cm−1 (G Band), Figure 5.38. In this spectrum, the characteristic D 
and G bands were due to the ring-stretching mode of PPy [134] and the C=C backbone 




Figure 5.38. Raman spectrum of pristine PPy. 
 
During oxidation of graphite flakes, oxygen species diffused into the layers 
randomly and graphitic structure was distorted. There were three characteristic Raman 
bands of partially oxidized GO sheets which were the D band around 1354 cm-1, the G 
band around 1580 cm-1 and the D' band around 2708 cm-1, Figure 5.39. 
 
 
Figure 5.39. Raman spectrum of GO sheets after 10 days of oxidation. 
 
The structural change could be observed by the intensity ratio of the D and G 
bands, ID/IG. This ratio directly correlated with the size of the crystalline grains or 
interdefect distance and this was also used to estimate the amount of defects [57]. In 








the increase of the feeding mass ratio of Py to GO sheets. ID/IG ratios of                 
Py:GO sheets=1:1 and Py:GO sheets=2:1  were calculated as 0.66 and 0.63, 
respectively. Therefore, the graphitic in-plane crystallite size, La, increased with the 
enhanced covering onto the surface of GO layers by PPy. 
 
Figure 5.40. Raman spectra of Py:GO sheets=1:1 and Py:GO sheets=2:1. 
 
In the Raman spectrum of GNS, the D band around 1364 cm-1, the G band around 
1582 cm-1 and the D' band around 2709 cm-1 appeared, Figure 5.41. ID/IG ratios of GO 
sheets and GNS were calculated as 0.25 and 0.31, respectively. This increase in ID/IG 
ratio indicated the stacking height of graphene sheets decreased by ultrasonic vibration 
and chemical reduction of GO sheets. After coating of PPy on GNS, D and G bands 
broadened and their intensities increased, Figure 5.41. G band intensity is directly 
proportional to the graphitic in-plane crystallite size, La [136]. Therefore, increasing G 
band intensity revealed that flake thickness increased after the covering of GNS by PPy. 
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Figrue 5.41. Raman spectra of reduced GO sheets (GNS) and Py:GNS=1:1. 
 
 In addition, the thickness of graphite flake, GO sheets and reduced GO sheets 
were compared regarding to the change of ID/IG ratio. Figure 5.42 showed ID/IG ratio 
change of graphite flake, partially oxidized GO sheets and reduced GO sheets. After 
each chemical reaction, ID/IG ratio increased, and thus flake thickness decreased [129]. 
This decrease was also supported by the results obtained from XRD characterization by 
using Debye-Scherer equations. Average number of graphene layers for graphite flakes, 
GO-10 day oxidation and reduced GO (GNS) were calculated as 86, 21 and 19, 
respectively (Table 5.6). This indicated that how stepwise chemical procedure 
influenced the morphology of graphite. 
       
 103 
         
Figure 5.42. ID/IG ratio change of graphite flake, GO sheets, and reduced GO (GNS) 
 
Table 5.6.  
Average number of graphene layers of graphite, GO sheets and reduced GO sheets 
(GNS) calculated by using Debye-Scherer equations 
Samples      Average number of  graphene layers d(nm)  
Graphite flakes 86 0.337  
GO sheets (10 day oxidation)  21 0.339  
Reduced GO (GNS)  19 0.342  
 
 
5.3.4.   Thermogravimetric Analysis 
 
Figure 5.43 indicated the thermogravimetric curves of GO sheets, pristine PPy, 
PPy/GO nanocomposites synthesized with different feeding mass ratios. The weight 
loss curve of nanocomposites appeared between pristine PPy and GO sheets. When 
comparing to thermal behavior of PPy, PPy/GO sheet nanocomposites had an improved 
thermal stability. In addition, thermal stability decreased by increasing PPy content in 
GO layers.  The percent weight changes of materials as a function of increasing 
temperature were also analyzed by TGA. GO sheets started to lose weight at about 
350oC due to the thermal decomposition of acetic anhydride into CO2 and H2O vapor 
which swelled the layered graphitic structure. Pristine PPy was quite stable up to 150oC 
and began to degrade at temperatures higher than 150oC. As the amount of PPy was 
increased in PPy/GO nanocomposites, the decomposition temperature decreased. The 
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thermal stabilities of these composites were much higher than pristine PPy. The amount 
of weight losses of pristine PPy, GO sheets, Py:GO sheets=1:1 and Py:GO sheets=2:1 at 
700 oC were about 88%, 25%, 51% and 53%, respectively. These differences also 
supported the stability of synthesized PPy/GO nanocomposites between pristine PPy 
and GO sheets. 
 
 
Figure 5.43. TGA curves of GO sheets, Py:GO sheets=1:1, Py:GO sheets=2:1, and  
pristine PPy in air atmosphere. 
 
 
In Figure 5.44, thermal stabilities of GNS, pristine PPy and Py:GNS=1:1 
composite were compared between 25-700oC under air atmosphere. GNS exhibited 5% 
weight loss at about 310oC. GNS effectively reinforced the PPy matrix in 
nanocomposite. Therefore, the mass loss of PPy/graphene nanosheet composite during 
the thermal decomposition was approximately 5% of the initial mass at 300oC. 
However, the mass loss of PPy was about 5% at 150oC and then rapid mass loss took 
place between 150oC and 700oC. Consequently, mass loss percentage of nanocomposite 
was significantly less than pristine PPy. The amount of weight losses of pristine PPy, 





Figure 5.44. TGA curves of GNS, Py:GNS=1:1-nanocomposite, and  pristine PPy       
in air atmosphere. 
 
 
5.3.5.   AFM Analysis of Composites 
 
All AFM experiments were performed in tapping mode using a silicon cantilever 
probe. As Py concentration increased, the composite surface became smoother. 3D 
surface topography of PPy composites displayed smooth morphology, Figure 5.45 (a). 
As the amount of GO sheet increased, the height difference of surface increased due to 
ripples in GO sheets, Figure 5.45 (b). In addition, the functional groups such as epoxide, 
carbonyl, quinone, ketone, and hydroxyl on the basal plane of GO triggered corrugation 
or local puckering of the carbon skeleton [128]. However, increasing the amount of PPy 
in the nanocomposite caused to reduce the topography variations which were observed 







Figure 5.45. 3D AFM images by tapping mode of (a) pristine PPy,                              






5.3.6.   Electrical Conductivity and Surface Area Measurements 
 
The electrical conductivity of samples in the pellet form was measured by the 
conventional four-probe method. The electrical conductivity results of samples (pristine 
PPy, GO sheets, Py:GO sheet=1:1, and Py:GO sheet=2:1) were given in Table 5.7.  
Conductivity of pristine PPy was relatively poor due to weak compactness and 
randomly orientation of PPy nanostructures and weak bonding between the polymer 
particles through the boundaries [137]. Although GO is electrically insulating material, 
partially oxidized GO sheets can be utilized as a conductive filler to enhance the 
conductivity of PPy. The electrical conductivity of fully oxidized GO sheets prepared by 
the Hummers-Offeman method [6] was measured as 10-4 S/cm by using the four-probe 
method [138]. The conductivity of partially oxidized GO sheets synthesized by a mild 
and safer oxidation method [3] was measured as 0.69 S/cm. The conductivity value of 
GO sheets can also be controlled by changing the degree of oxidation [3]. The 
conductivity values of nanocomposites were between the values of pristine PPy and GO 
sheets and the increasing PPy content decreased the conductivity of nanocomposites. 
According to recently published works, in the production of GO-based nanocomposites, 
oxidation degree of GO sheets, oxidizing agents, intercalating agents, monomer type 
and concentration, and reaction media considerably affects the conductivities of 
composites [138, 139]. 
 
 
         Table 5.7.  
Electrical conductivity results of pristine PPy, GO sheets and PPy/GO nanocomposites 
Samples Conductivity (S/cm) 
Pristine PPy  7.6 x 10-4 
GO sheets 0.69 
Nanocomposite-1 (Py:GO sheets=1:1) 0.08  






Pan et al. [140] reported the electrical conductivity of graphene sheets obtained by 
hydrazine reduction as 4.6 S/cm. The conductivity of reduced GO sheets (GNS) 
obtained by hydroquinone reduction [3] was measured as 3.96 S/cm. After PPy was 
coated onto the surface of reduced GO sheets, the conductivity of the composite 
improved due to the better compactness and structure of PPy in the composite than in 
pristine PPy (Table 5.8). Therefore, nanocomposites including GNS showed better 
conductivity when comparing nanocomposites including the partially oxidized GO 
sheets. 
 
Table 5.8.  
Electrical conductivity results of pristine PPy, reduced GO sheets (GNS), PPy/GNS 
nanocomposite 
Samples Conductivity (S/cm) 
Pristine PPy 7.6 x 10-4 
Reduced GO sheets (GNS) 3.96 
Nanocomposite (Py:GNS=1:1) 0.13 
 
 
High specific surface area is one of the main requirements for the enhancement of 
the dispersion and narrow distribution of catalytic metals on catalyst support materials. 
Nitrogen adsorption isotherms showed that BET surface area of reduced GO sheets was 
507 m2 g-1. Ruoff et al. [141] demonstrated that BET surface area of reduced GO sheets 
was measured as 466 m2 g-1 via nitrogen gas absorption. This BET value was similar to 
one calculated by using our reduced GO sheets. After coating on reduced GO sheets by 
PPy, BET surface area of this nanocomposite was measured as 270 m2 g-1. BET surface 
area results of reduced GO (GNS) and Py:GNS=1:1 composite were given in Table 5.9. 
In PPy/GNS composites, GNS provided higher surface area and better electronic 
conductivity while PPy facilitated the electron transfer through the conducting matrix. 
Because of large aspect ratio and surface area of reduced GO sheets, they serve as 





Table 5.9.  
Surface area results of reduced GO (GNS) and Py:GNS=1:1 nanocomposite calculated 
according to BET method  
Samples 
Surface Area (m2/g) 
According to BET method  
Reduced GO (GNS) 507  









5.4.1. Pt deposited PPy/Graphene anosheets nanocomposites 
 
Graphene nanosheets (GNS) were received in large quantities by chemical 
exfoliation of graphite [3] and separate sheets were shown in Figure 5.46 (a). Three 
different impregnation techniques shown in Table 4.4 showed that some Pt catalysts 
formed clusters and aggregated on the surface of GNS, Figure 5.46 (b), (c) and (d).  
However, with the sonication technique, the aggregation of Pt catalysts was reduced in 
comparison to sonication combined with direct synthesis technique, Figure 5.46 (c) and 
(d). Coloma et al. [143] demonstrated that oxygen surface groups make the carbon 
surface more hydrophilic and thus a better dispersion of Pt catalysts is provided. Herein, 
the oxygen content in GNS decreased after chemical reduction. This led to the decrease 













Figure 5.46. SEM images of (a) GNS, (b) Pt/GNS according to 1st method, (c) Pt/GNS 
according to 2nd method, and (d) Pt/GNS according to 3rd method (Pt deposition 
methods were shown in Table 4.4). 
 
 
Table 5.10 shows EDX results for GNS and Pt deposited GNS by three different 
deposition techniques. The measured results clearly demonstrated that GNS contained 
70.3 wt% C, 27.9 wt% O and other elements (Na, Al, Si, S) 1.8 wt%. After each 
impregnation technique, the amount of Pt was changed on the surface of GNS due to the 
aggregation of Pt catalysts on different sites of GNS.  EDX analyses performed on 
























61.6 29.0 9.4 - 
Pt/GNS  
(2nd  method) 
 
61.3 33.1 - 5.6 
Pt/GNS 
(3rd method) 
57.0 31.8 1.4 9.8 
  
 
PPy was coated on the surface of GNS by in situ chemical oxidative 
polymerization of Py. A layer-by-layer polymer coating observed clearly in SEM 
image, Figure 5.47 (a).  In the PPy/GNS composites, GNS are electron acceptors while 
PPy serves as an electron donor [144]. In the presence of PPy, Pt particles adhered well 
to the composite surface. Therefore, coating by PPy on GNS induced electronic 
conduction, and the adhesion of Pt on the membrane surface was significantly enhanced 
[145]. In Figure 5.47 (b), catalyst particles were dispersed partly and a uniform 
distribution was not observed on the surface of composite because of Pt deposition in 
low amounts and shorter sonication time. In Figure 5.47 (c), Pt particles decorated 
closely each other on the surface. Size distribution of Pt particles changed between 20-
40 nm. SEM image of this sample at higher magnification exhibited that Pt catalysts 
started to grow on each other during deposition process and their size were 
approximately 5 nm, Figure 5.48.  When comparing direct deposition techniques 1 and 
2 shown in Table 4.4, longer sonication process provided much dispersed catalysts by 
creating dispersed GNS, Figure 5.47 (d). Pt catalyst size was in the range of 20-30 nm. 
SEM image of this composite at higher magnification showed that Pt catalyst started to 






Figure 5.47. SEM images of (a) Py:GNS=1:1 nanocomposites, (b) Pt/Py:GNS=1:1 
according to 1st method, (c) Pt/Py:GNS=1:1 according to 2nd method, and (d) 




200 nm 300 nm 
300 nm   1 µm 
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Figure 5.48. SEM image of Pt/Py:GNS=1:1 according to 2nd method at higher 
magnification via inlens detector. 
 
 
Figure 5.49. SEM image of Pt/Py:GNS=1:1 according to 3rd method at higher 
magnification via inlens detector. 
 
 
 200 nm 
 200 nm 
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EDX results of GNS-based nanocomposites were shown in Table 5.11. 
PPy/GNS composites included 42.3 % C, 7.9 % N, 44.3% O and 5.5 % other elements. 
The amount of nitrogen indicated the presence of PPy. After each impregnation method, 
the amount of Pt was measured on the surface of composites.  The results showed that 
both PPy and oxygen surface groups affected the dispersion and amount of Pt catalysts. 
The difference of deposition can be explained by considering Pt deposition technique 





















49.2 17.1 24.1 6.8 2.8 
Pt/Py:GNS=1:1   
(2nd  method) 
 
51.8 7.6 24.4 8.1 8.1 
Pt/Py:GNS=1:1 
(3rd method) 
39.1 3.6 40.9 7.9 8.5 
 
 
5.4.2. Pt Deposited PPy/GO Sheet anocomposites 
 
The oxidation process weakened van der Waals cohesive forces between graphene 
layers in graphite by the intercalation of oxidizing agents.  In our proposed method, 
graphite was oxidized by using potassium dichromate and sulfuric acid as oxidants [3]. 
The oxidation process led to the expanded and leafy structure formation,                
Figure 5.50 (a). Oxidation of graphite rendered the carbon surface more acidic and thus 
negatively charged over a wide range of pH. This caused electrostatic repulsion of 
PtCl62- anions and promoted electrostatic attraction of Pt-based cations. Therefore, 
catalyst dispersion could be maximized by increasing metal-support interaction [146]. 
After the impregnation of Pt catalysts on GO sheets, the higher oxygen amount hindered 
agglomeration and favored the Pt dispersion in some regions due to the partial oxidation 
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of graphite. If the surface of graphite was fully oxidized, catalyst dispersion could be 
maximized [146]. According to deposition techniques, as sonication time increased, a 
better Pt dispersion was achieved on the surface of support.  In Figure 5.50 (d), size 
distribution of Pt particles on the surface of Pt/GO sheets according to 3rd method 
changed from 13 nm to 22 nm. Also, SEM image of this sample at higher magnification 





Figure 5.50. SEM images of (a) partially oxidized GO sheets, (b) Pt/GO sheets 
according to 1st method, (c) Pt/GO sheets according to 2nd method, and (d) Pt/GO sheets 
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Figure 5.51. SEM image of Pt/GO sheets according to 3rd method at higher 
magnification via inlens detector. 
 
EDX results of Pt deposited GO sheets were shown in Table 5.12. GO sheets 
contained 46.5 % C and 42.8 % O in its structure. EDX results supported the presence 
of Pt catalyst after the impregnation. Both EDX data and SEM images proved that 
higher amount of oxygen surface groups of the support plays a significant role in metal 
dispersion when comparing Pt decoration on the surface of GNS. 
 
Table 5.12. 














49.3 48.7 2.0 - 
Pt/GO sheets 
(2nd  method) 
 
48.6 37.9 1.2 12.3 
Pt/GO sheets 
(3rd method) 
41.8 44.8 3.5 9.9 
 




PPy/GO composites were prepared by in situ polymerization of Py on the surface 
of GO sheets with different feed ratios of Py to GO sheets. A layer coating of PPy/GO 
composites (feed ratio of Py to GO sheets 1:1) and spherical morphology of PPy 
nanoparticles on sheets were observed clearly in Figure 5.52 (a). Regarding to 1st 
impregnation technique, shorter sonication time and low loading of Pt catalysts did not 
provide fine and dense distribution on the surface of GO sheets, Figure 5.52 (b). On the 
other hand, Figure 5.52 (c) and Figure 5.52 (d) revealed that longer sonication time and 
high loading of Pt catalysts caused to enlarge catalyst dispersion. In Figure 5.52 (c) and 
Figure 5.53, size of Pt catalysts was measured about 16 nm. In Figure 5.52 (d), size 
distribution of Pt particles on the surface of Pt/GO sheets according to 3rd method 
changed from 19 nm to 32 nm. SEM image of this sample at higher magnification 
displayed the formation of Pt nanoparticles on its surface instead of support surface and 
the size of Pt nanoparticles was around 4 nm, Figure 5.54. Furthermore, the 
electrocatalyst of Pt was more easily fabricated on GO sheets covered by PPy compared 
with on bare GO sheets. Herein, PPy combines with the functional groups of GO sheets 
and these PPy/GO composites offer the electronic conduction pathway which is 























Figure 5.52. SEM images of (a) Py:GO=1:1, (b) Pt/Py:GO=1:1 according to 1st 
method, (c) Pt/Py:GO=1:1 sheets according to 2nd method, and (d) Pt/Py:GO=1:1 sheets 
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Figure 5.53. SEM image of Pt/Py:GO=1:1 sheets according to 2nd method at higher 
magnification via inlens detector. 
 
 
Figure 5.54. SEM image of Pt/Py:GO=1:1 sheets according to 3rd method at higher 
magnification via inlens detector. 
 
 
 200 nm 
 200 nm 
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The EDX compositional analysis of several Pt nanoparticles confirmed the 
presence of Pt catalyst on the composite surface, Table 5.13. PPy/GO composites 
consisted of 40.2% C, 32.9% O, and 16.7% N (resulting from PPy). Also, EDX results 
showed that when oxygen and nitrogen contents in an investigated region increased, the 




















62.1 12.1 17.2 3.3 5.3 
Pt/Py:GO=1:1 
(2nd  method) 
 
34.3 18.3 31.5 11.9 4.0 
Pt/Py:GO=1:1 
(3rd method) 
37.4 20.2 34.2 6.1 2.1 
 
 
SEM image of Py:GO=2:1 composite was shown in Figure 5.55 (a). After 1st 
impregnation technique, some Pt particles were peeled off and some Pt particles linked 
to each other on the surface of nanocomposite, Figure 5.55 (b). Increasing both 
sonication time and Pt loading provided more and denser Pt distribution. Some Pt 
particles formed a porous structure on the surface of composite, Figure 5.55 (c). Longer 
impregnation time and nonuniform polymerization might lead to the formation of 
different Pt clusters.  Size distribution of Pt particles on the surface of Pt/ Py:GO=2:1 
sheets according to 2nd method changed from 5 nm to 17 nm. When Pt dispersion was 
performed according to 3rd method, some Pt particles aggregated into clusters in the 23-
43 nm range and other Pt particles with average diameter of 3 nm started to grow on 
these clusters, Figure 5.55 (d) and Figure 5.56. Liu et al.  [145] reported that after the 
addition of reducing agent in H2PtCl6 solution, size of the particles increases because 
the growth mechanism of the particles and their aggregation to clusters is turned into a 
predominantly electroless reaction. This means that electron can not transfer inside the 







Figure 5.55. SEM images of (a) Py:GO=2:1, (b) Pt/Py:GO=2:1 according to 1st 
method, (c) Pt/Py:GO=2:1 sheets according to 2nd method, and (d) Pt/Py:GO=2:1 sheets 
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Figure 5.56. SEM image of Pt/Py:GO=2:1 sheets according to 3rd method at higher 
magnification via inlens detector. 
 
The EDX analyses of Pt deposited Py:GO=2:1 composites were exhibited in 
Table 5.14. Py:GO=2:1 composite included 41.9% C, 21.8% N and 24.4% O. When Py 
content increased, nitrogen content increased in the structure and thus the electrons 
generated from the chemical reduction of H2PtCl6 solution could sink on the composite 
surface and highly dispersed Pt catalysts were observed. Also, shorter impregnation 
time in 3rd method provided high Pt dispersion. 17.9% Pt catalysts were deposited on 
Py:GO=2:1 composite.  
 
Table 5.14. 
EDX results of Py:GO=2:1, Pt/Py:GO=2:1 according to 1st, 2nd and 3rd methods 















41.5 19.7 23.8 4.7 10.3 
Pt/Py:GO=2:1 
(2nd  method) 
 
38.6 12.7 35.5 9.8 3.4 
Pt/Py:GO=2:1 
(3rd method) 
35.3 15.0 26.8 17.9 5.0 
 100 nm 
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The EDX analysis of Pt deposited on Py:GO=1:3 composites confirmed the 
presence of Pt catalyst as 6.3%. Pt/ Py:GO=1:3 composite contained 37.0% C, 41.1% O 
and 5.95% N. When GO sheet content increased in the composite, surface oxygen 
groups increased and thus high Pt dispersion was achieved. SEM images supported 
well-dispersed Pt catalysts, Figure 5.57. Size distribution of Pt particles on the surface 
of Pt/ Py:GO=3:1 sheets according to 3rd method changed from 9 nm to 16 nm. Also, Pt 
catalysts grew on their surfaces and the diameter of the grown catalysts was 




Figure 5.57. SEM images of Pt/Py:GO=1:3 according to 3rd method (a) via secondary    
electron detector (b) via inlens detector. 
 
Consequently, SEM results showed that as PPy content increased in the 
composition of composite, catalyst-particle size range increased because the electronic 
properties of PPy caused to induce electronic conduction. With the help of sonication 
technique, the impregnation time was shortened to 2 hrs. Furthermore, as the amount of 
GO sheets increased in composite, smaller size catalyst particles could be dispersed on 
the surface due to the amount of oxygen surface groups. On the other hand, higher 
amount PPy maximized catalyst dispersion on the surface because the adhesion of Pt 
catalysts is considerably improved and thus catalytic activity is enhanced [148]. At this 
point, Py:GO=1:1 composite became a promising candidate material as catalyst support.    
 
(a) (b) 
200 nm 200 nm 
 124 
 
5.4.3. Structural Analysis of Pt Deposited anocomposites by Raman Spectroscopy 
 
Structural changes of nanocomposites with different feed ratios were investigated 
by Raman spectroscopy. The characteristic features of graphite in Raman spectrum are 
the G band around 1580 cm-1, the G' band (the overtone of the G band) around         
3248  cm-1, the D band around 1360 cm-1,  and the D' band (the overtone of the D band) 
around 2700 cm-1. The intensity ratio of the D and G bands, ID/IG varies inversely with 
the size of the crystalline grains or interdefect distance [57]. The structural change and 
the thickness of PPy coverage could be examined by the ID/IG change. In Figure 5.58 
(a), ID/IG decreased considerably after the polymerization of Py on GNS and this 
indicated the thickness of crystallite size increased [57]. Therefore, PPy coating 
provided a better metal dispersion on GNS-based composites as seen in SEM images, 
Figure 5.47.   
 
In the Raman spectra of PPy/GO composites, Figure 5.58 (b), ID/IG values of GO 
sheets and Py:GO=1:3 were calculated as 0.28 and 0.19, respectively. This decrease in 
ID/IG values showed an increase of thickness after the coating on the surface of GO 
sheets by PPy. Moreover, ID/IG values of Py:GO=1:1 and Py:GO=2:1 were 0.50 and 
0.47, respectively. This decrease revealed that when Py content increased in composite 
composition, the coverage of surface increased.    
 
The effective surface area of these composites relies on the number of graphene 
sheets since few layer graphene sheets with less aggregated Pt clusters have higher 
surface area and thus better fuel cell performance [93]. As the number of graphene 
layers is smaller than five, the D' band becomes more intense than G peak [127]. The 
decrease in the intensity ratios of G and D' bands, IG/ID', designated a decrease in layer 
number. IG/ID' values of GO sheets, Py:GO=1:1, Py:GO=2:1 and Py:GO=1:3 were 
evaluated as 1.69, 0.96, 1.12 and 1.28, respectively (Figure 5.58 (b)). Especially, the 
layer number of GO sheets in Py:GO=1:1 composite was less than five. Even though the 
starting material, GO sheets, was the same in the produced composites, there was a 
difference in layer number because of the partial oxidation of graphite. These results 
supported an increase of Pt dispersion on the surface of PPy/GO composites when 
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comparing bare GO sheets.  This also explained higher catalyst dispersion on the 
surface of Py:GO=1:1 without the aggregation of Pt catalysts due to few layer number 






Figure 5.58. Raman spectra of (a) Pt/GNS and Pt/Py:GNS=1:1 obtained according 3rd 
method and  (b) Pt/GO sheets, Pt/Py:GO=1:1, Pt/Py:GO=2:1 and Pt/Py:GO=1:3 















5.5. Polypyrrole Coated Thermally Exfoliated GO Sheets and Pt Deposition on      
Expanded GO Composites 
 
 
GO sheets was expanded by heating up to 1000ºC rapidly in a tube furnace and 
kept for 1 min at this temperature under an argon atmosphere. An increase of pressure 
due to CO2 release during rapid heating leads to the separation of stacked GO sheets and 
the production of functionalized graphene sheets. While the C/O ratio of GO is 2, the 
functionalized graphene sheets separated by thermal expansion have a C/O ratio of 10-
20 because some of the epoxide and hydroxyl sites are removed [2]. 
 
 
5.5.1. SEM and EDX Characterization 
 
Intercalated graphite with sulfuric acid, potassium dichromate and acetic 
anhydride heated to yield an increase of c-axis direction and form an accordion or 
“worm-like” structure. The volume of expanded graphite can increase with the 
enhancement of ultrasonic vibration [149]. Therefore, expanded GO samples were 
exposed to ultrasonic treatment before polymerization. During ultrasonic vibration, Py 
as the monomer was also added into the solution including expanded GO in order to 
increase the diffusion of Py monomer through layers. SEM image of expanded GO 
exhibited that these layers were crumbled due to the thermal expansion as depicted in 
Figure 5.59 (a). Then, Pt nanoparticles were successfully deposited on the surface of 
expanded GO and the size distribution of Pt particles were in the range of 10 nm and 20 
nm, Figure 5.59 (b). EDX results showed that expanded GO included 87.6% C and 
3.5% O in its structure, Table 5.15. The higher C content indicated that most of oxygen 
functional groups were eliminated from GO surface during thermal shock. After Pt 




Figure 5.59. SEM images of (a) expanded GO and (b) Pt deposited expanded GO. 
 
PPy was coated on the surface of expanded GO by in situ chemical oxidative 
polymerization of Py. Polymer coating and irregular sphere-like PPy formation 
observed clearly in SEM image, Figure 5.60 (a). Pt dispersion on the laminated structure 
of expanded GO sheets was not seen clearly in the SEM image of Py:Expanded GO=1:1 
composite, Figure 5.60 (b). EDX results of Py:Expanded GO=1:1 composite were 
shown in Table 5.15. PPy/Expanded GO composites consisted of 54.6% C, 23.0% N, 
and 15.4% O. Nitrogen content proved the PPy polymerization. After the Pt deposition, 
the Pt content on the composite surface was much lower as about 0.7%, Table 5.16. 
During the thermal shock of GO sheets, most of the functional groups degraded and 
small amounts of functional groups in the structure of expanded GO combined with 
PPy, and some PPy chains agglomerated with each other as seen in Figure 5.60 (a). 
Therefore, some parts of PPy/expanded GO composites do not provide the electronic 
conduction pathway which is required to sink the electrons generated from the chemical 








300 nm   1 µm 
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Figure 5.60. SEM images of (a) Py:Expanded GO=1:1 and (b) Pt deposited 
Py:Expanded GO=1:1. 
 
The amount of PPy in the composites increased in order to observe the polymer 
thickness and the Pt dispersion. PPy coated GO layers were seen in SEM image of 
Py:Expanded GO=1:2 composite, Figure 5.61 (a). In Figure 5.61 (b), Pt particles did not 
adhere to the surface. This stemmed from the agglomeration of some PPy particles 
instead of layer coating, and thus the reduction of the Pt precursor was hindered [146]. 
EDX results showed that Py:Expanded GO=1:2 composite contained 53.7% C, 18.0% N 
and 16.6% O, Table 5.15. As the Py content increased in the composite, the amount of 
anchored Pt on the surface decreased. The EDX analysis of Pt deposited Py:Expanded 
GO=1:2 composite included 0.3% Pt, Table 5.16.  
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Table 5.15 and Table 5.16 showed the EDX analyses of all composites at different 
feeding ratios of expanded GO and Py before and after Pt deposition. The amount of 
oxygen surface groups plays an important role in the carbon-Pt interaction [143]. 
Oxygen groups make the carbon surface more hydrophilic, and thus maximum catalyst 
dispersion is achieved [143]. On the other hand, thermal treatment leads to an increase 
in the basicity of the carbon and eliminate oxygen functional groups. The basicity of the 
carbon surface can be estimated by the number of the π  sites of the carbon basal plane 
acting as anchoring centers for Pt catalysts [84]. Loen et al. [150] demonstrated the 
interaction of oxygen-free basic carbon sites leads to an electron-donor-acceptor 
complex described in the following equations (1) and (2): 
 
 















Therefore, the metal-support interaction depends on the amount of surface oxygen 
functional groups and the strength of the π  sites on carbon support. However, in 
PPy/expanded GO composites, the relationship between Pt catalyst and the oxygen 
amount was not observed due to non-uniform layer coating and the random destruction 
of graphene layers after thermal treatment, Table 5.15. On the other hand, there was a 
correlation between PPy amount and Pt dispersion. As the amount of PPy increased in 
the composite, Pt dispersion minimized, Table 5.16.  Pt deposited Expanded GO:Py=1:4 
contained 0.2% Pt whereas Pt deposited expanded GO:Py=2:1 consisted of 1.0% Pt.  
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Table 5.15. 
EDX results of expanded GO and PPy/expanded GO composites at different feed ratios 
of expanded GO and Py 








Expanded GO 88.9 - 4.9 6.2 
Expanded GO:Py=1:1 54.6 23.0 15.4 7.0 
Expanded GO:Py=1:2 53.7 18.0 16.6 11.7 
Expanded GO:Py=2:1 56.2 14.1 20.4 9.3 
Expanded GO:Py=3:1 63.6 7.8 24.3 4.3 




EDX results of Pt deposited expanded GO and PPy/expanded GO composites at 
different feed ratios of expanded GO and Py 











Pt/Expanded GO 82.6 - 10.3 1.2 5.6 
Pt/Expanded GO:Py=1:1 46.1 22.8 28.0 0.7 2.4 
Pt/Expanded GO:Py=1:2 54.7 17.6 25.7 0.3 1.7 
Pt/Expanded GO:Py=2:1 57.5 12.5 23.0 1.0 6.0 
Pt/Expanded GO:Py=3:1 70.5 10.3 14.7 0.5 4.0 
Pt/Expanded GO:Py=1:4 23.1 9.6 44.2 0.2 22.9 
 
 
5.5.2. XRD Characterization 
 
PPy had an amorphous structure, Figure 5.36. Due to the thermal treatment, the 
crystal structure of expanded GO had a broad and intense 001 peak near 2θ=13o and a 






As the content of PPy increased in composite, 002 peak intensity decreased, and 
as the amount of expanded GO increased in composite, the intensity of 002 peak 
became more intense, Figure 5.63 and Figure 5.64. The maximum intensity of 002 peak 
of expanded GO:Py=3:1 was about 453 a.u. at 2θ=26.5. This indicated that the structure 
of composite became more crystalline by increasing the amount of expanded GO. In 
addition, ultrasonic treatment before the polymerization provided easy diffusion of Py 
monomers through layers and after the polymerization, all layers were stacked and 
formed crystalline structure. For instance, the intensity of 002 peak of expanded GO 
was about 98 a.u., Figure 5.62. On the other hand, the coverage of expanded GO by PPy 
in the feeding mass ratio of expanded GO and Py as 3:1 led to an increase in 002 peak 
intensity and provided well-ordered structure, Figure 5.63.  
 
Figure 5.62. XRD pattern of expanded GO obtained after 10 days of oxidation. 
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Figure 5.63. XRD patterns of PPy/expanded GO composites at different feed ratios of 




Figure 5.64. The change of 002 peak intensity as a function of the feeding mass ratios 





5.5.3. Raman Spectroscopy Characterization 
 
Raman spectroscopy is one of the sensitive techniques for the characterization of 
crystalline perfection. There are three prominent peaks at about 1404 cm-1, 1582 cm-1, 
and 2729 cm-1 which correspond to the D, G and D' bands of graphene, Figure 5.65.  
 
The structural change of expanded GO-based composites could be investigated by 
the intensity ratio of the D and G bands, ID/IG. This ratio inversely changed with the size 
of the crystalline grains or interdefect distance [57]. As the amount of Py content 
increased, the ID/IG ratio increased due to the relative increase of defects (chemical and 
structural changes, the agglomeration of PPy chains). Raman spectra of expanded 
GO/PPy composites as a function of increasing Py amount depicted in Figure 5.66. As 
shown in Table 5.17, ID/IG ratios of expanded GO:Py=1:1, expanded GO:Py=1:2 and 
expanded GO:Py=1:4 were estimated as 0.37, 0.51 and 0.52, respectively. D' band can 
be used to determine the number of graphene layers and D' band became more dominant 
than G band if the number of graphene layers were smaller than 5 [127]. This proved 
that when the ID/IG ratio of the composites increased, the coverage of expanded GO 
layers by PPy increased. However, in contrast to layer-by-layer coated GO and GNS 
nanocomposites, non-uniform polymer dispersion on the surface of expanded GO 
occurred due to the lack of most of the oxygen functionalities. ID/IG ratios of expanded 
GO:Py=1:1, expanded GO:Py=2:1 and expanded GO:Py=3:1 were also estimated as 
0.37, 0.35 and 0.31, respectively. As the amount of expanded GO in the composite 
increased, the ID/IG ratio decreased due to the decrease in polymer coating and thus the 
decrease in thickness. Also, Raman spectra of expanded GO/PPy composites as a 








Figure 5.66. Raman spectra of expanded GO/PPy composites as a function of 








Figure 5.67. Raman spectra of expanded GO/PPy composites as a function of 
increasing expanded GO amount. 
 
Table 5.17. 
Relative raman intensities of the peaks as a function of ID/IG and IG/IDʹ 
 
Intensity Ratio ID/IG IG/ID' 
Expanded GO  0.03 1.86 
Expanded GO:Py=1:1 0.37 2.96 
Expanded GO:Py=1:2 0.51 1.78 
Expanded GO:Py=1:4 0.52 1.72  
Expanded GO:Py=2:1 0.35 2.36 




5.5.4. Electrical Conductivity Measurements 
 
Expanded GO can provide percolated pathways for electron transfer, making the 
composites electrically conductive [151]. The electrical conductivity of samples in the 
pellet form was measured by the conventional four-probe method. The electrical 
conductivity results of samples (pristine PPy, expanded GO, and expanded GO/PPy 




because of weak compactness and randomly orientation of PPy nanostructures and weak 
bonding between the polymer particles through the boundaries [137]. The conductivity 
of expanded GO was measured as 0.75 S/cm. After the addition of expanded GO into 
polymer matrice in adjusted feeding ratios, the conductivity of composites were 
enhanced. The conductivity of composite synthesized with the feeding mass ratios of 
expanded GO and Py as 3:1 was measured as 4 S/cm. Therefore, the composites 
exhibited a comparably higher electrical conductivity than pure PPy because the layered 
and network structure of expanded GO formed large fractions of electron conducting 
paths in the composite. However, as the amount of PPy in composite increased, the 
conductivity values decreased.  
 
 
Table 5.18.  
Four-probe electrical conductivity results of expanded GO and its composites 
                      Samples  Conductivity (S/cm)  
                    Pristine PPy          7.6 x 10-4  
                    Expanded GO              0.75  
                    Expanded GO:Py=1:1              0.15  
                    Expanded GO:Py=1:2              0.04  
                    Expanded GO:Py=2:1              1.00  
                    Expanded GO:Py=3:1              4.00  
 
 
5.5.5. The Effect of Oxygen Surface Groups on Pt Deposition 
 
FTIR, XPS and EDX analyses were used in order to estimate the amount of 
surface oxygen functional groups in samples and investigate the effect of surface 
oxygen groups and thermal treatment on the Pt dispersion.  
 
The characteristic peaks in the FTIR spectrum of GO sheets were two sharp C-H 
stretching bands at 2850 cm-1 and 2916 cm-1 and a sharp CH2 bending band near 1480 
cm-1, Figure 5.68. Also, there were a broad band at around 1100 cm-1 due to the 
aromatic C-O stretching and two small peaks due to the C=O stretching.  Expanded GO 
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had high carbon content as seen in Figure 5.68. This indicated that thermal expansion 
eliminated oxygen functional groups. After the chemical reduction of GO, the intensity 
of C=O stretching peaks at 1500 cm-1 decreased comparably, Figure 5.68.  
 
   
 
 
      Figure 5.68. FT-IR spectra of GO sheets, expanded GO and reduced GO (GNS). 
 
 
XPS is a quantitative surface analysis technique that evaluates the elemental 
composition, empirical formula, chemical state and electronic state of the elements. For 
the identification of oxygen-containing functional groups, the C1s, O1s and N1s signals 
were measured and groups were assigned based on the differences in their binding 
energy of carbon atoms [152]. 
 
 
  Wavenumber (cm-1) 
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The atomic ratios and surface functional groups of GO sheets, expanded GO, 
GNS, and their composites were determined by using the XPS elemental analysis. The 
intensities of O1s and C1s peaks for GO, expanded GO and GNS were compared in the 
XPS survey scan spectra, Figure 5.69. The C/O ratios of GO, expanded GO and GNS 
were measured as 2.3, 6.0, and 3.2, respectively. These results indicated that thermal 
expansion led to the removal of oxygen functional groups on the surface and thus 
carbon content increased in the structure of expanded GO.  
 
The deconvolution of the XPS C1s peaks of GO sheets was shown in Figure 5.70 
(a). The C1s envelope contained two peaks at 284.3 and 285.2 eV which assigned to the 
nonoxygenated ring C and the C in C-O [153]. The O1s XPS spectrum of the GO sheets 
included two deconvoluted peaks at 531.7 and 533.1 eV which attributed to C=O and 
HO-C=O groups, respectively, Figure 5.70 (b) [152]. Although the C1s XPS spectrum 
of expanded GO had the same oxygen functional groups like GO sheets, Figure 5.71 (a), 
its C-C peak intensity was much higher than that in the C1s XPS spectrum of GO. This 
proved the removal of oxygen functional groups from the surface during thermal 
treatment. In addition, the O1s peak intensity of expanded GO in Figure 5.71 (b) was 
quite lower than that of GO sheets. The C1s XPS spectrum of the GNS also displayed 
the same carbon-oxygen containing functional groups, Figure 5.72 (a), and their peak 
intensities were much smaller than those in GO. Furthermore, the deconvoluted O1s 
XPS spectrum of GNS exhibited that C-O peak near 532.4 eV was observed,          
Figure 5.72 (b), and the O1s peak intensity was considerably lower than that in GO 
spectrum. Also, C=O bonds in the structure of GO sheets were converted to C-O bonds 
due to the chemical reduction of GO sheets by hydroquinone. In this reaction, 
hydroquinone loses either one H+ ion from one of its hydroxyls to form a 
monophenolate ion or two H+ ions from both hydroxyls to form a diphenolate ion and 








































































Figure 5.70. Deconvoluted XPS (a) C1s spectrum(C1s A= C-C, C1s B=C-O) and        
(b) O1s spectrum (O1s A: C=O, O1s B: HO-C=O) of GO sheets. 
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Figure 5.71. Deconvoluted XPS (a) C1s spectrum (C1s A= C-C, C1s B=C-O) and      
(b) O1s spectrum (O1s A: C=O, O1s B: -OH) of expanded GO.  
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Figure 5.72. Deconvoluted XPS (a) C1s spectrum (C1s A= C-C, C1s B=C-O and       
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Table 5.19 summarized functional groups, binding energies, FWHM values and 
atomic percentages which were estimated from the C1s and O1s XPS spectra of GO 
sheets, expanded GO and GNS. The FWHM of the peak assigned to C–O in the XPS 
O1s spectrum of GNS with a value of 2.7 appeared quite larger than all other carbon-
oxygen containing bonds. Herein, the large FWHM and the broad tail towards higher 
binding energy stated that different types of carbon-oxygen containing bonds were 
overlapped each other [154]. 
 
Table 5.19. 
















The XPS peaks of C1s, O1s and N1s for Py:GO=1:1, Py:Expanded GO=1:1 and 
Py:GNS=1:1 composites were shown in the the XPS survey scan spectra, Figure 5.73. 
The C/O ratios of  Py:GO=1:1, Py:Expanded GO=1:1 and Py:GNS=1:1 were 1.4, 1.6, 
and 1.2, respectively. Py:Expanded GO=1:1 composite with the highest C/O ratio had 
less hydrophilic carbon surface and this decreased the interaction of the catalyst 
particles with the support [155]. 
 
  
Samples C1s O1s 










GO sheets C-C 284.3 0.6 56.0 C=O 531.7 1.8 9.4 
C-O 285.2 1.7 27.3 HO-C=O 533.1 2.2 7.3 
Expanded 
GO 
C-C 284.4 0.5 64.9 C=O 532.2 2.4 3.3 
C-O 285.1 1.9 31.6 -OH 536.6 1.6 0.2 
GNS C-C 284.3 0.6 59.2 C-O 532.4 2.7 11.0 
C-O, 
C-OH 
285.3 2.1 29.8     
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Figure 5.73. XPS survey scan spectra of composites: Py:GO=1:1, Py:Expanded 
GO=1:1 and Py:GNS=1:1. 
 
The deconvoluted C1s spectrum of Py:GO=1:1 nanocomposite in Figure 5.74 (a) 
had two main peaks near 284.8 eV and 287.3 eV which assigned to the nonoxygenated 
ring C and the overlapped C=O and C-N peaks, respectively [156]. In Figure 5.74 (b), 
the XPS O1s peaks at 531.2 eV and 532.7 eV belonged to C-O and C=O bonds, 
respectively. Also, the N1s spectrum of Py:GO=1:1 nanocomposite supported a 
considerable PPy coating, Figure 5.74 (c). The peak around 399.9 eV were assigned to 
the overlap of the N–H and C–N components [157].  
 
The C1s chemical shifts of Py:Expanded GO=1:1 composite at 284.7 eV, 286.2 
eV and 288.4 eV in Figure 5.75 (a) were attributed to C-C, C-O-C, and the overlap of 
C=O, C=N, and N=C-O bonds, respectively. The higher amount of carbon groups in the 
structure of Py:expanded GO=1:1 composite was also supported by its deconvoluted 
C1s peaks. Moreover, the XPS O1s spectrum of Py:Expanded GO =1:1 composite 
shown in Figure 5.75 (b) had two main peaks at 531.6 eV and 533.1 eV which were 
assigned to the overlapped C-O and C=O bonds, and OH-C=O bond, respectively. The 
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XPS N1s peak near 399.9 eV corresponded to the overlapping peaks of N–H and C–N 
bonds, Figure 5.75 (c), [157].  
 
The deconvoluted XPS C1s spectrum of Py:GNS=1:1 was exhibited in 5.76 (a). 
Although Py:GNS=1:1 nanocomposite included  the same carbon-containing functional 
groups as Py:GO=1:1 nanocomposite, the intensity of C1s peak was higher than that in  
Py:GO=1:1 composite because chemical reduction decreased the amount of oxygen 
groups in the structure. Also, the deconvoluted O1s peaks at 530.9 eV and 532.3 eV 
were assigned to C-O and C=O bonds, respectively, (Figure 5.76 (b)). This indicated 
that most of C=O bonds in the structure of GO were converted to C-O bonds using 
hydroquinone as a reducing agent. The XPS N1s spectrum of Py:GNS=1:1 contained 
the overlapping peaks of N-H and C-N components due to the PPy coating on the 
surface of GNS, Figure 5.76 (c). 
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Figure 5.74. Deconvoluted XPS (a) C1s spectrum (C1s A= C-C, C1s B: C=O and 
C=N), (b) O1s spectrum (O1s A: C-O, O1s B: C=O) of GNS, and (c) N1s spectrum 
(N1s A: C-N and N-H) of Py:GO=1:1 nanocomposite. 
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Figure 5.75. Deconvoluted XPS (a) C1s spectrum (C1s A= C-C, C1s B=C-O-C, C1s C: 
C=O, C=N and N=C-O), (b) O1s spectrum (O1s A: C-O and C=O, O1s B: HO-C=O) of 
GNS, and (c) N1s spectrum (N1s A: C-N and N-H) of Py:Expanded GO=1:1 composite. 
 
 
                          288    2         













































































Figure 5.76. Deconvoluted XPS (a) C1s spectrum (C1s A= C-C, C1s B: C=O and       
C-N), (b) O1s spectrum (O1s A: C-O, O1s B: C=O) of GNS, and (c) N1s spectrum (N1s 
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Table 5.20 and Table 5.21 summarized functional groups, binding energies, 
FWHM values and atomic percentages which were estimated from the C1s, O1s, and 
N1s XPS spectra of Py:GO=1:1, Py:Expanded GO=1:1, and Py:GNS=1:1 composites. 
Py:GNS=1:1 composite with the largest FWHM indicated that different types of carbon-
oxygen and carbon-nitrogen containing bonds were superimposed.  
 
Table 5.20. 
XPS spectra results for C1s and O1s in the samples of Py:GO=1:1, Py:Expanded 






Samples C1s O1s 










Py:GO=1:1 C-C 284.8 1.9 46.7 C-O 531.2 1.7 6.0 
C=O, 
C-N 
287.3 3.4 27.0 C=O  532.7 2.4 7.4 
Py:Expanded GO 
=1:1 
C-C 284.7 1.6 46.4 C-O, 
C=O 
531.6 1.8 8.0 
C-O-C 286.2 2.1 21.0 HO-
C=O 




288.4 1.3 7.9     
Py:GNS=1:1 C-C 284.4 2.1 44.0 C-O 
 
530.9 1.5 4.8 
C=O, 
C-N 
287.4 3.4 24.6 C=O 532.3 3.1 13.0 
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Table 5.21. 











Table 5.22 showed EDX results of GO sheets, expanded GO and GNS. The C/O 
ratios of GO sheets, expanded GO and GNS were 1.0, 18.1 and 2.6, respectively. 
Expanded GO had high C/O ratio and thus low amount of oxygen functional groups 
decreased metal dispersion. Table 5.23 exhibited EDX results of Pt deposited GO 
sheets, expanded GO and GNS. The results proved that the higher oxygen amount in 




EDX results of GO sheets, expanded GO and GNS 




Other elements  
(wt%)  
GO sheets  46.5  42.8  10.7  
Expanded GO  88.9  4.9  6.2  













Py:GO=1:1 C-N, N-H 399.9 1.7 12.9 
Py:Expanded GO=1:1 C-N, N-H 399.9 1.5 10.1 




EDX results of Pt deposited GO sheets, expanded GO and GNS 






Other elements  
(wt%)  
Pt/GO sheets  41.8  44.8  3.5  9.9  
Pt/Expanded GO  82.6  10.3  1.2  5.6  
Pt/GNS  57.0  31.8  1.4  9.8  
 
 
  The effect of oxygen surface groups on Pt dispersion was also investigated for 
PPy/GO sheets, PPy/expanded GO and PPy/GNS composites. The EDX analyses of 
composites were exhibited in Table 5.24. The C/O ratios of Py:GO=1:1, Py:Expanded 
GO=1:1 and Py:GNS=1:1 were calculated as 1.22, 3.55 and 0.95, respectively. These 
observations were consistent with the XPS analysis data and also indicated an increase 
of carbon content after thermal shock. Table 5.25 showed the EDX analyses of Pt 
deposited composites. The results supported that Pt dispersion increased with increasing 
amount of oxygen surface groups. 
 
Table 5.24.  
EDX results of PPy/GO sheets, PPy/expanded GO and PPy/GNS composites  






Other elements  
(wt%)  
Py:GO=1:1  40.2  16.7  32.9  10.2  
Py:Expanded GO=1:1  54.6  23.0  15.4  7.0  










Table 5.25.  
EDX results of Pt deposited PPy/GO sheets, PPy/expanded GO and PPy/GNS 
composites 








Other elements  
(wt%)  
Pt/Py:GO=1:1  37.4  20.2  34.2  6.1  2.1  
Pt/Expanded:GO=1:1  46.1  22.8  28.0  0.7  2.4  
Pt/Py:GNS=1:1  39.1  3.6  40.9  7.9  8.5  
 
 
5.6. Fabrication of Fuel Cell Electrodes 
 
All electrodes were fabricated by a drop cast method on Nafion®117 sheet by 
using 10% Nafion® solution as a binder. SEM image of partially oxidized GO sheets in 
electrode form indicated that GO sheets were stacked homogeneously during electrode 
preparation, Figure 5.77 (a). The thickness of electrode was approximately measured as 
91 µm. Nonuniform catalyst deposition observed on the surface of GO electrode, Figure 
5.77 (b). Some Pt catalysts dispersed seperately and some of them aggregated on the 
surface. Aggregation of Pt nanoparticles on electrode surface has a significance on the 
improvement of electrocatalyst film due to a decrease in surface area [158].  
 
 




 1 µm  20 µm 
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The edge of Py:GO=1:1 electrode was exhibited in Figure 5.78 (a). The inset of 
Figure 5.78 (a) showed that an electrode has partly porous structure. The thickness of 
electrode was approximately 36 µm.  As Pt particles were spread out on the surface of 
Py:GO=1:1 electrode, few Pt particles were aggregated and most of them were 
distributed uniformly with the help of sonication process, Figure 5.78 (b). The diameters 
of Pt catalysts on the surface of Py:GO=1:1 electrode were in the 30-50 nm range. 
 
 
Figure 5.78. SEM images of (a) the edge of Py:GO=1:1 electrode and (b) the surface of 
Pt/Py:GO=1:1 electrode.  
 
The edge of Py:GO=2:1 electrode was displayed in Figure 5.79 (a). The thickness 
of electrode was estimated about 35 µm. Catalysts were dispersed closely each other on 
the surface, Figure 5.79 (b). The size distribution of Pt catalyst on the surface of 
Py:GO=2:1 electrode changed from 100 nm to 140 nm. In order to make a more 
effective catalyst, it is important to control size, make it smaller which gives the 
catalysts a higher specific surface area [159]. Therefore, Py:GO=1:1 electrode became 





 1 µm  10 µm 
 154 
 
Figure 5.79. SEM images of (a) the edge of Py:GO=2:1 electrode and (b) the surface of 
Pt/Py:GO=2:1 electrode.  
  
Photographs of GO, Py:GO=1:1 and Py:GO=2:1 electrodes were presented in 
Figure 5.80. Electrodes can be obtained as the free standing sheets and seemed to be 
flexible. In Figure 5.80 (a) and (b), GO sheets and Py:GO=1:1 composite were 
dispersed homogenously on Nafion® surface and thus smooth electrode surface was 
obtained.  However, Py:GO=2:1 composite were not dispersed uniformly and partly 
rough surface was observed, Figure 5.80 (c). Herein, hydrophobic nature of PPy might 
play a role in dispersion because electrode solution was prepared in water.  
(a) (b) 
 
 10 µm 300 nm 
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Two types of membrane electrode assemblies (MEAs) were fabricated in order to 
utilize in single fuel cells.  One of the MEAs was prepared using the fabricated 
electrodes (GO, Py:GO=1:1 or Py:GNS=1:1 electrodes) as both the anode and cathode. 
The other type of MEA was prepared using the fabricated electrode (GO or 
Py:GNS=1:1 electrodes) as the cathode and commercial carbon cloth electrode as the 
anode. MEAs were fabricated by combining the electrodes with the commercial 
Nafion® membrane by using Nafion® solution as a binder and then the curing 
temperature was adjusted to 70oC.  
 
Figure 5.81 (a) showed the photograph of Pt/GO electrode and after Pt deposition. 
In this case, electrode became thinner and flexible. Ultrasonic treatment before drop-
casting provided homogeneous dispersion of GO sheets into Nafion® solution. Figure 




Figure 5.81. Photographs of (a) Pt/GO electrode and (b) MEA prepared by Pt/GO 
sheets at both anode and cathode sides. 
 
A photograph of Pt deposited Py:GO=1:1 electrode presented in Figure 5.82 (a). 
After curing and deposition processes, composites were dispersed partly on the surface 
of electrode and this might affect the diffusion of each reactant gas to the catalyst on the 
(a) (b) 
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MEA. Figure 5.82 (b) showed MEA prepared by Pt/Py:GO=1:1 nanocomposite at both 




Figure 5.82. Photographs of (a) Pt/Py:GO=1:1 electrode (b) MEA prepared by 
Pt/Py:GO=1:1 nanocomposite as both anode and cathode.  
 
A photograph of Pt deposited Py:GNS=1:1 electrode displayed in Figure 5.83 (a). 
GNS-based electrode was foldable in a free standing state. Figure 5.83 (b) showed a 





Figure 5.83. Photographs of (a) Pt/Py:GNS=1:1 electrode and (b) MEA prepared by 





Figure 5.84 showed MEA prepared by commercial Pt/carbon cloth (E-TEK) 
electrode at anode side and Pt/GO sheets electrode at cathode side. The performance of 
the fuel cells equipped with commercial carbon electrode can be increased and thus fuel 
cell durability increases [160].  
 
   
Figure 5.84. Photographs of MEA prepared by (a) commercial Pt/carbon cloth as anode 
and (b) Pt/GO sheets as cathode.  
 
Figure 5.85 exhibited MEA prepared by commercial Pt deposited carbon cloth 
electrode (E-TEK) at anode side and Pt deposited Py:GNS=1:1 nanocomposite 
electrode at cathode side. 
  
Figure 5.85. Photographs of MEA prepared by (a) commercial Pt/carbon cloth as anode 






5.8. Fuel Cell Testing 
 
 
The performance of a single cell for MEA with respect of cathode electrodes was 
evaluated under an atmosphere of hydrogen and oxygen gases with an active area of 5 
cm2 at 60oC. First of all, it was not possible to achieve reasonable current-voltage (I-V) 
curves or performance in fuel cell when GO-based electrodes and GNS-based electrodes 
were used as both anode and cathode electrodes.  For this reason, GO-based electrodes 
and GNS-based electrodes were only used as cathode electrodes and commercial carbon 
cloth (E-TEK) electrodes were employed as the anode. In this case, revealing fuel cell 
performance curves for both MEAs with commercial Pt/E-TEK, Pt/GO sheet and 
Pt/Py:GNS=1:1 nanocomposite cathode electrodes was found as shown in Figure 5.86. 
However, comparably better fuel cell performance was obtained when GO sheet was 
used as the cathode electrode. This stemmed from the large amount of oxygen surface 
groups on the surface of GO sheets compared to Py:GNS=1:1 nanocomposite.  
 
In conclusion, the performance of the fabricated electrodes was not as satisfactory 
as commercial fuel cell electrodes. In order to enhance the utility of Pt on GO sheets, 
further investigations will be required to establish the optimal condition of Pt/GO sheets 




Figure 5.86. I-V performance curves of commercial Pt/E-TEK, Pt/GO sheets and 







CHAPTER  6. COCLUSIOS 
 
        This study was conducted in seven major steps. The findings for each step can be 
summarized as follows:  
 
i. Chemical exfoliation of graphite by an improved, safer and mild method for the 
large-scale synthesis of graphene nanosheets (G%S): 
 
In this work, GNS to be used as catalyst support material in PEMFC 
applications were obtained in moderate quantities by an improved, safer and 
mild chemical method. With the chemical procedure used, GO was prepared by 
using concentrated sulfuric acid, acetic anhydride and potassium dichromate 
from raw graphite. The steps of thermal expansion, ultrasonic treatment and 
chemical reduction process yielded GNS. The best method for the production of 
mostly exfoliated (minimum number of layers) GNS is the oxidation of the 
sonicated graphite flake, ultrasonic treatment of GO, and chemical reduction of 
sonicated GO samples. Thermal expansion process should be eliminated in the 
procedure because this step causes stacking the layers in graphitic structure and 
increasing the layer numbers of GNS. The results from each step were 
investigated in details by SEM, XRD and Raman spectroscopy. SEM images 
exhibited that graphene sheets can exist by being rippled rather than completely 
flat in a free standing state. The XRD results put forward that the number of 
graphene sheets decreased in each step from 86 (raw graphite) to nine (reduced 
GO). The analysis of structural changes from raw graphite to GNS in Raman 
spectra displayed the significant reduction of the graphitic domain sizes after the 
reduction of GO. The effective surface area of graphene sheets as catalyst 
support material relies on the layer numbers. When the layer number in graphitic 
structure decreases, the effective surface area increases and thus increases the 
metal-support interaction.  
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ii. Tailoring characteristic properties of GO sheets and G%S at different oxidation 
times: 
 
We have developed a chemical synthesis procedure to tailor the structural 
properties of GNS. In this study, this procedure was repeated at different 
oxidation times until the desired graphene sheets were obtained. GO sheets 
started to exfoliate at longer reaction times.  Surface modification with the 
oxidants led to the distortions in graphite structure and Raman Spectroscopy 
showed that the regular layered structure of graphite or GO was destroyed. 
Turbostratic random ordering of GO structure was also supported by XRD 
analysis. Both the reaction procedures with thermal expansion and without 
thermal expansion led to the formation of GNS. As the degree of oxidation 
increased, stacking height of graphene sheets decreased and thus the number of 
graphene layers decreased. Both SEM and 3D AFM images showed that 
graphene layers became flattened after each reaction step. It was possible to 
produce relatively flat graphene clusters with the definite number of layers by 
controlling the oxidation time. Moreover, TGA results showed that GNS were 
thermally more stable than GO sheets.  
 
iii. Graphene based nanocomposite production: 
 
GO sheets after a mild oxidation of graphite flakes and GNS after chemical 
reduction of GO sheets were obtained in the present work. Both GO sheets and 
GNS were coated with conducting PPy by in situ polymerization of Py 
monomer. The characteristic properties of PPy-based nanocomposites were 
tailored by changing the feeding mass ratio of Py to sheets. The intercalating 
agent between the graphene layers provided good dispersion in PPy matrix. 
Therefore, conductivity of nanocomposites increased after polymerization when 
comparing to pristine PPy. Furthermore, the electrical conductivity of PPy/GO 
nanosheet based composites slightly decreased with the increase of the feeding 
mass ratio of Py to GO nanosheets due to the percolative behaviour. A layer by 
layer polymer coating on individual GNS and GO sheets was clearly observed in 
SEM images and an increase of polymer thickness in these sheets was also 
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supported by Raman spectroscopy analyses. PPy/GNS including both 
characteristic properties of PPy and GNS could be produced in large quantities 
by the proposed simple and low-cost fabrication technique.  
 
In the chemical exfoliation route, the other product was expanded GO obtained 
after thermal treatment of GO sheets. Expanded GO was also used as a 
conductive filler in conducting PPy matrix. During the thermal shock of GO 
sheets, most of the functional groups eliminated from the surface. Therefore, 
small amounts of functional groups in the structure of expanded GO combined 
with PPy, and some PPy chains agglomerated with each other.  
 
Consequently, PPy/graphene nanosheet composites with improved conductivity, 
thermal stability and high surface area are more advantageous as a catalyst 
support when comparing with PPy/GO composites in order to achieve higher 
efficiency of the electrocatalyst in fuel cells.  
 
iv. Pt deposition on graphene based nanocomposites and the effect of oxygen 
surface groups on Pt dispersion: 
 
The impact of physical and chemical aspects of GO sheets and GNS on catalyst 
size, dispersion and surface chemistry were investigated by applying three 
different impregnation techniques in order to fabricate novel electrodes for fuel 
cells.  The shortest and most effective impregnation technique was achieved by 
Pt deposition under ultrasonic vibration about 2 hrs. SEM characterization 
demonstrated that the deposition of Pt on PPy/GNS nanocomposite by 
sonication technique was more applicable than on bare GNS. Comparably higher 
catalyst dispersion on the surface of Py:GO=1:1 composite without the 
aggregation of Pt catalysts was achieved since few GO layers provided higher 
specific surface area for a stronger metal-support interaction and thus prevent 
the aggregation of catalyst particles. In addition, the higher oxygen amount in 
GO structure hindered agglomeration and promoted Pt dispersion on the surface 
of nanocomposites. The coverage of PPy on both GNS and GO sheets favored 
the electronic conduction pathway which is necessary to sink the electrons 
generated from the chemical reduction of Pt catalysts.  
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Therefore, as the amount of PPy increased, catalyst dispersion on the surface of 
nanocomposite could be maximized due to the electronic properties of PPy but 
catalyst-particle size range increased. On the other hand, as the amount of 
oxygen functional groups on the surface of GO sheets increased, smaller size 
catalyst particles dispersed on the surface. Therefore, smaller catalyst size 
enhanced the specific surface area and thus a more efficient catalyst was 
provided by tailoring the amount of surface oxygen groups and PPy in 
nanocomposite structure. 
 
The effect of surface oxygen functional groups on Pt dispersion was investigated 
by FTIR, XPS and EDX. XPS and EDX results showed that Pt dispersion 
increased with increasing the amount of oxygen functional groups on the surface 
of samples. However, the random destruction of graphene layers after thermal 
treatment and the lack of most of oxygen functional decreased the Pt dispersion 
on the surface. Since thermal expansion led to the removal of oxygen functional 
groups on the surface, the C/O ratio increased up to 6.0 in the structure of 
expanded GO. Therefore, the highest C/O ratio had less hydrophilic carbon 
surface and this decreased the interaction of Pt catalysts with the support. 
Consequently, the relationship between surface oxygen functional groups and 
catalyst particles carries a significant importance on the durability of fuel cells. 
This comprehensive study will open up new ways for the production of novel 
catalyst support materials to be utilized in fuel cells. 
 
v. Fabrication of fuel cell electrodes: 
 
Fuel cells electrodes made of GO, GNS and their nanocomposites were 
fabricated by drop casting and Pt deposition was successfully achieved. Pt 
deposited GO sheets and GNS in the present study were an original attempt for 






vi. Fabrication of MEA for fuel cells: 
 
Two kinds of MEAs were produced to compare their performance in single fuel 
cells.  One of the MEAs was prepared using the fabricated electrodes (GO, 
Py:GO=1:1 or Py:GNS=1:1 electrodes) as both the anode and cathode. The other 
type of MEA was prepared using the fabricated electrode (GO or Py:GNS=1:1 
electrodes) as the cathode and commercial carbon cloth electrode (E-TEK) as 
the anode. In this study, the fabricated electrodes were combined with 
Nafion®212 mebrane successfully.  
 
vii. Fuel cell testing: 
 
If GO-based electrodes and GNS-based electrodes were used as both anode and 
cathode electrodes, it was not possible to obtain reasonable I-V curves.  
Therefore, GO-based electrodes and GNS-based electrodes were only utilized as 
cathode electrodes and commercial carbon cloth (E-TEK) electrodes were 
employed as the anode. Comparably better fuel cell performance was achieved 
when GO sheet was used as the cathode electrode. Consequently, better fuel cell 
performance of GO electrode stemmed from the larger amount of surface 
oxygen functional groups on its surface since the durability of the catalyst on the 
support increases with increasing amount of oxygen surface groups. 
 
In summary, the performance of fabricated electrodes was not as satisfactory as 
commercial fuel cell electrodes. In order to enhance the utility of Pt on GO 
sheets, further investigations will be required to establish the optimal condition 
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